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ABSTRACT

Drilled shafts are large cylindrical cast-in-place concrete structural elements that can be
favored due to cost-effectiveness. These elements however, require strict quality control during
construction to ensure a stable excavation. Drilling fluid is often used in construction to attain this
stability. Drilling fluid, or slurry, can be ground water or salt water, but is typically made from a
mixture of water and mineral or polymer powder to form a viscous fluid slightly more dense than
ground water. During concreting, the drilling fluid is displaced by the heavier concrete, which is
tremie placed at the base of the excavation from the center of the reinforcement cage. While
concrete used for drilled shafts should be highly fluid, it does not follow an ideal, uniform flow.
The concrete rather builds up inside the reinforcement cage to a sufficient height before then
pressing out radially into the annular cover region. This concrete flow pattern associated with
drilled shafts has been shown to trap slurry around/near the steel reinforcement and affect
reinforcement bond strength.
Presently there are no specifications relating to slurry effects on reinforcing bar bond
strength from the American Concrete Institute (ACI) or the American Association of State and
Highway Transportation Officials (AASHTO). This dissertation analyzes longitudinal reinforcing
bar concrete bond strength data recorded from 268 specimens constructed with tremie-placed
concreting conditions in varying drilling fluids. Reinforcement used for testing were No. 8
deformed rebar. Based on the results found from this analysis, this dissertation recommends the
use of a slurry modification factor to current bond strength and development length specifications.

xi

CHAPTER 1: INTRODUCTION

1.1 Background
Drilled shafts are large diameter cast-in-place reinforced concrete structural elements used
to support bridges and tall buildings. This deep foundation element can be selected over driven
piles due to its cost-effectiveness, as the axial and lateral capacity that can be developed provides
the ability for a single shaft to replace a group of smaller sized driven piles. The construction of
drilled shafts generally makes use of a large diameter auger to form an excavation in soil or rock.
This can be accomplished dry, utilizing casing, or through the use of drilling fluid (wet) for
excavation stabilization. When using casing, a full length steel casing will hold the soil in place
while the excavation and construction is completed. Wet construction works to provide the
excavation with hydrostatic stabilization by keeping the level of the drilling fluid higher than that
of the ground water table. This ensures the drilling fluid will always flow into the soil walls and
not the opposite (ground water inflow to the excavation). Drilling fluids for wet excavations can
be ground water, salt water, polymer, or mineral. Polymer and mineral drilling fluids are formed
through their respective additives and mixing. These products have varying levels of restrictions
in terms of viscosity and certification for use domestically and abroad. Their use is sometimes
mandatory, as water cannot always be used as a drilling fluid for stabilization. Polymer and mineral
slurries provide the ability to have a higher viscosity than water, thus slowing ground water inflow
rates where drilling with water cannot.
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After excavation stabilization, the reinforcing cage is inserted and then concreting is
performed, typically through tremie placement (Figure 1.1). Tremie placement of concrete can
cause problems in concrete flow, where during concreting the concrete flow can become
obstructed by cage spacing/congestion. Drilling fluid can also adversely affect flow, especially
with higher viscosity mineral fluids.

Figure 1.1 Drilled shaft construction process: excavation (left), reinforcement cage placement
(center) and concreting through tremie placement (right).
Past studies have documented drilling fluid trapped along the tops of the reinforcement
ribbing (Jones and Holt, 2004), as well as forming a coating on the bars, Figure 1.2 (Bowen, 2013).
Both of these studies documented slurry to have an effect on reinforcement bond strength (Jones
and Holt, 2004; Bowen, 2013).
Presently there are no provisions from the American Concrete Institute (ACI) or the
American Association of State Highway and Transportation Officials (AASHTO) for the effects
of tremie placed concrete in wet conditions with regards to reinforcement bond strength and
development length (ACI Committee 318, 2014; AASHTO, 2017). Nevertheless, some local and
2

state guidelines require reinforcement bond strength verification testing for any excavation
stabilizing product used during this process (FDOT, 2018).

Figure 1.2 Slurry coating noticed on reinforcement for mineral (bentonite) slurry for viscosities of
30sec/qt (left) and 40sec/qt (right).
This dissertation focuses on the effects of drilling fluid on reinforcing steel bond in tremieplaced concrete construction. Found herein will be testing methods and procedures utilized, a
detailed statistical analysis of all data acquired, and recommendations to current specifications.
1.2 Organization of Dissertation
This dissertation has been organized into the following chapters.
Chapter 2 provides an in-depth literature review encompassing all topics of this dissertation
such as various types of deep foundations, construction methods for drilled shafts, concrete
selection, drilling fluids, concrete deficiencies, concrete flow and respective issues, and
reinforcement bond strength. This chapter also addresses and builds a case for the issue this
dissertation seeks to solve, the impacts of drilling fluid on reinforcement bond strength.
Chapter 3 describes the testing method performed for this dissertation. The testing
procedure to find the longitudinal reinforcement concrete bond strength is outlined in this chapter
3

along with equipment used. A numerical model and analysis is also presented to confirm the testing
method utilized. The chapter concludes with a summary of all data collected from testing. This
includes initial bond strength values, averages of bond strength for each shaft, maximum and
minimum bond strengths, and standard deviations.
Chapter 4 provides a full analysis of this results provided in Chapter 3. This analysis
includes the use of two methods, the reliability index method and Monte Carlo simulations, to
determine resistance factors that should be applied to bond strength and development length
equations. The data is first examined as a whole and then by categories including: bentonite
viscosity, polymer manufacturer, and self-consolidating concrete (SCC).
Chapter 5 discusses the recommendations to be made to the current concrete code based
on the findings of this dissertation. The chapter closes with conclusions made from the work of
this dissertation and recommended future work.
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CHAPTER 2: LITERATURE REVIEW

2.1 Types of Deep Foundations
In terms of deep foundation construction, the most commonly used elements are drilled
shafts or driven piles. However, other types of deep foundations exist such as micropiles and
continuous flight auger (auger cast) piles/drilled displacement piles. These types of deep
foundation elements are described in the following sections.
2.1.1 Driven Piles
Driven piles are prefabricated elements made of concrete, steel, or timber. Precast concrete
elements are typically 12 to 36in in width or diameter and are installed using a pile driving hammer.
Steel H piles and pipe piles can be installed using vibratory hammers and in some cases by water
jetting. Driven piles cannot typically breach hard materials or rock. The most common types of
piles used for transportation structures are steel H piles, pipe piles, and prestressed concrete piles.
(Brown, et al., 2010)
2.1.2 Micropiles
Micropiles are smaller than driven piles, with diameters typically 12in or less. This type of
pile is constructed using a high strength steel rod or pipe, which is either driven or drilled into
place. They are almost always grouted into the bearing strata once the desired depth/location is
achieved. While this type of pile is a very small structural element, it can achieve a very high axial
resistance and can be drilled into hard rock. In contrast, given the small cross sections, very little
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bending resistance can be developed. These elements are used extensively in structural
repairs/foundation remediation where limited access is available for mobile drilling equipment.
2.1.3 Continuous Flight Auger (CFA) Piles and Drilled Displacement Piles
This form of pile is typically 12 to 30in in diameter and is only used in soils or weak rock.
These elements are characterized by the installation procedure which uses a full length auger with
continuous flights allowing the target foundation depth to be achieved in a single drilling stroke.
Once the target depth has been achieved, concrete or grout is pumped down the center of the auger
stem (which is hollow) and the auger is slowly extracted leaving a cast-in-place concrete or grout
element. Reinforcing steel can be inserted immediately thereafter while the concrete/grout is still
fluid. This, however, can limit the amount of steel and complexity of the reinforcing steel cage
design.
2.1.4 Drilled Shafts
Drilled shafts, typically 3 to 12ft in diameter, are cylindrical, cast-in-place, reinforced
concrete elements constructed to depths of up to 300ft. Being one of the largest diameter
foundation options, significant bending and lateral resistance can be developed which in some
cases provides economic benefits. These elements differ from CFA piles as augers with only one
or two flights are used and the excavation process involves multiple trips down an open hole to
remove material and reach the target depth. Hence, an open excavation is first created in which the
reinforcing steel and concrete are then placed. Drilled shafts are often selected over other options
as the drilling process to create the cast-in-place formwork can penetrate stiff soil or rock strata
not easily penetrated by driven pile or CFA options. Drilled shafts are the focus of the dissertation
and are therefore discussed in further detail.
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2.2 Drilled Shaft Construction
Constructing drilled shafts involves three basic steps: (1) excavation, (2) installation of the
reinforcing cage, and (3) concreting. For the purposes of this dissertation, concreting is a primary
focus. However, the mechanisms by which the excavation is held open/stable in the presence of
ground water can greatly affect concrete placement and as such is therefore also discussed.
2.2.1 Methods of Construction
There are three methods of excavation used for drilled shafts: the dry method, casing
method, and wet method. Once a method of construction has been determined, a concrete
placement method can be selected (e.g. free-fall or tremie placement).
2.2.1.1 Dry Method
The dry method of construction is the most favorable from an economic standpoint. This
method can be utilized when soil and rock are located above the water table and will not cave in
while the hole is being drilled or after. A homogeneous stiff clay for example, would be ideal for
this method of drilling, while a loose sand would not. However, any type of soil is vulnerable to
caving near the surface, thus a small, short piece of steel casing called a “surface casing” is
typically inserted there. This form of casing may be temporary or permanent.
The construction process for the dry method is as follows. First, the shaft is excavated to
the desired depth. This will most likely be completed using a simple rotary auger, which will also
likely have teeth to break up the soil. This ensures the most amount of material possible per pass
is removed. Next, the base of the shaft is cleaned using a bucket or flat bottom tool to remove any
loose debris and potential water (Brown, et al., 2010). This is followed by the insertion of a
reinforcement cage (for most projects), and then finished by placing the concrete. This can be done
using the “free-fall” method of placing concrete where the flow is directed to the center of the hole

7

in effort to not hit the reinforcement cage or sides of the borehole. Concrete can also be placed
utilizing a short section of tremie pipe or centering device.
2.2.1.2 Casing Method
The casing method is not as simple as the dry method. It is most applicable in soils prone
to caving or where rock deformation may occur during excavation. The casing method can also be
used to extend shaft formation through water to reach a dry, stable formation. This method is
commonly used with the addition of drilling fluid or water, however it is not always needed.
There are three general methods for the installation of casing. The first is to excavate an
oversized hole via the dry method, then place the casing into the hole. However, this method is
only acceptable in soils that are generally dry or with slow seepage. The second method is to use
a drilling fluid to displace the soil while drilling the hole through the shallow permeable strata, the
casing can then be placed and advanced into the bearing layer. Once the casing is sealed to a stable
layer the drilling fluid can be removed from inside the casing. The third and most common method
is to first install the casing through the soil strata and into the bearing layer, then excavate the shaft
within the casing with or without fluid. The casing can be driven using methods such as a casing
oscillator, impact or vibratory hammers, or a rotator with sufficient torque and downward force to
advance the casing.
For all methods, while permanent casing can be used, most casing is recovered after the
concrete is placed. In most cases as well the shaft excavation will continue past the bottom of the
casing and thus it is important that the casing achieves a seal into the bearing layer to prevent
caving and/or seepage. The use of a full-length reinforcement cage is generally required for all
methods, as it is difficult to keep a partial cage in the proper orientation.
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2.2.1.3 Wet Method
The wet method of construction is where the excavation is kept filled with a prepared
drilling fluid, or slurry (discussed in detail in 2.3), designed to keep the borehole open by
maintaining its stability, or filled with water if the hole is stable during the entire construction
process. There are several cases where it is necessary to use the wet method, for example if the
shaft is to be drilled into a sand or permeable layer that will collapse or demonstrate instability
during excavation. Another case would be where the foundation is stable, however the shaft is to
extend through caving or water-bearing soils that would be difficult to drive casing through
because of the soils depth and thickness, the drilling fluid would be able to keep the excavation
stable and prevent groundwater infiltration. Another circumstance is when full length casing is
driven (method 3 of casing method), however the soil conditions at the base are permeable. This
is an example of when plain water can be used instead of drilling fluid. The last instance for use
of this method would be when the hole is cased into a stable rock, but the groundwater has an
inflow of greater than 12in per hour. Thus, drilling fluid is used to prevent groundwater infiltration.
(Brown, et al., 2010)
The use of drilling fluid works by forming a hydraulic gradient between the fluid in the
borehole and the soil. This is done by keeping the drilling fluid elevation higher than that of the
groundwater in the soil, thus the drilling fluid exerts a pressure causing it to try and flow out into
the soil. This seepage pressure provides stability to the excavation sidewall. Common drilling
fluids used are polymer and bentonite, which have the ability to hold higher levels of viscosity
than water. A higher viscosity simultaneously reduces the rate of fluid loss within the excavation,
which will result in the formation of the hydraulic gradient just discussed by keeping a hydraulic
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slurry head of at least 5 or more feet above the hydraulic head from the groundwater. (Brown, et
al., 2010)
Construction for this method includes casing insertion, excavation and simultaneous filling
with drilling fluid, reinforcement cage insertion, and concreting. Concreting is performed via
tremie placement (section 2.2.2.2). By whatever means necessary it is also important to avoid
potential inclusions of slurry or suspended sand into the concrete.
2.2.2 Concrete Placement
Placement of concrete into the drilled shaft is performed by two methods. The first method
is free-fall concreting and the second is tremie placement. Both methods are discussed in the
following sections.
2.2.2.1 Free-Fall
Free-fall concrete placement is only typical for dry excavations, because if the shaft
excavation is not completely dry the concrete and excess water would mix, resulting in a concrete
mix with excessive water or even a zone of washed aggregate. To avoid this there should be less
than 3in of water at the bottom of the excavation. Other precautions necessary when using this
method are to avoid hitting the reinforcement cage and sides of the borehole. When the concrete
hits the reinforcement cage the cage can get distorted, segregation in the concrete can also be
produced. If the concrete hits the side of the borehole, this risks soil or debris being knocked into
or mixing with the concrete.
To ensure that the concrete is placed in the center, a drop chute can be used. This can be
composed of a short section of stiff or rigid pipe, a flexible hose should not be used as the flow
may be difficult to direct. It should be noted that the Florida Department of Transportation (FDOT)
still requires a tremie for depositing the concrete for dry excavations and states the free-fall of the
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concrete should be less than 5ft at all times (FDOT, 2018); as such free-fall concreting is not
discussed any further.
2.2.2.2 Tremie Placement
A gravity tremie places concrete by using a steel tube, typically with a hopper on top.
Concrete can be placed directly from the concrete truck, from a pump, or by discharging from a
bucket. Typical inside diameters of tremie pipes are 8 to 12 inches, however this is dependent on
the diameter and depth of the excavation. It is important for the tremie pipe to be watertight. This
will prevent drilling fluid from entering during placement. It is also critical for the tremie to be
smooth and clean on the inside, minimizing drag forces.
There are two typical procedures that can be followed to minimize concrete contamination
when slurry or water is used in the excavation. The first is to install a closed tremie where the
bottom is sealed with a cover plate. The second method is to install an open tremie and insert a
traveling plug ahead of the concrete. (Brown, et al., 2010)
Tremie placement delivers concrete firstly to the bottom of the shaft where the tremie pipe
is then slowly raised. It is important to always keep the bottom of the tremie at least 10ft below
the rising surface of fresh concrete to prevent the concrete mixing with the slurry (Brown, et al.,
2010; FDOT, 2018). However, there is always a time early-on when concrete has not yet filled
significantly above the bottom of the tremie level. This dissertation focuses on tremie-placed
concrete.
2.3 Drilling Fluid
As discussed in section 2.2.1.3, drilling fluid can be used to press against the soil walls of
the borehole in order to maintain stability. There are two main circumstances where drilling fluid
is needed. The first is when casing is installed and sealed into an impermeable layer, once this is
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achieved, the drilling fluid can be pumped out from the inside of the casing; this is a rare case. The
second scenario is anytime an excavation is performed below the water table and where casing is
not used to maintain sidewall stability. When using this method, the concrete must be tremieplaced so that the drilling fluid is properly displaced. Figures 2.1 to 2.5 display the slurry types
discussed being displaced by concrete, these figures also indicate the ease of displacement.
2.3.1 Natural (Water)
While not always possible, in some situations water can be used as a drilling fluid (Figure
2.1). The Federal Highway Administration (FHWA) drilled shaft manual recommends the use of
water as a drilling fluid when the soil layers being penetrated are permeable, but unable to slough
or erode when exposed to water in the borehole. For example a sandstone or cemented sand would
work much better in comparison to a loose sand where water would rush in from the bottom faster
than it could be pumped in, in turn also loosening the soil at the tip changing the SPT (standard
penetration test) blow count. If water is chosen for use, the water level in the excavation must be
kept above the piezometric surface so that seepage only occurs from excavation into the formation
and not the opposite. (Brown, et al., 2010)

Figure 2.1 Natural slurry (water) exiting the form during concreting.
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2.3.2 Mineral Slurry
Mineral slurry is the most common for the wet construction method. This slurry is formed
by the combination of dry mineral clay powder (either sodium or calcium montmorillonite) and
water. There are several types of mineral clay powder: attapulgite, sepiolite, and bentonite, the
latter of which is typically used for construction.
2.3.2.1 Bentonite
In the United States, the majority of bentonite comes from the state of Wyoming. Bentonite
is classified as a sodium montmorillonite. When bentonite clay powder and water are mixed, the
clay particles form a suspension (O’Neill and Reese, 1999). This suspension is caused when the
bentonite powder is bound by water, causing it to scatter into microscopic plate-like particles.
These particles then go on to constantly repel each other, similar to magnets when the same poles
are trying to touch. This allows for an almost indefinite particle suspension. The hydration of
bentonite can take up to several hours to complete, once finished the slurry is ready for final mixing
and use (Brown, et al., 2010). Figure 2.2 shows bentonite slurry displacing out of a construction
form.
The primary need for use of bentonite (mineral) slurry is excavation stabilization. Bentonite
slurry works in two ways to achieve this. The first is through what is known as a filter cake. The
filter cake is a thin layer that is formed along the sidewalls by the slurry as the suspended clay
particles are deposited onto the excavation walls, and the mix water migrates into the soils. This
aids stabilization by reducing outflow into the soil, however the filter cake has been shown to
negatively affect shaft side shear when the bentonite sits in the excavation for eight hours or more
prior to concrete placement (Allen, 2016). The second form of stabilization is through the exertion
of a positive fluid (hydrostatic) pressure which acts against the filter cake membrane and borehole
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sidewalls (Brown, et al., 2010). This along with the filter cake also aids to prevent groundwater
intrusion.

Figure 2.2 Bentonite slurry exiting the form during construction.
2.3.2.2 Attapulgite and Sepiolite
While attapulgite and sepiolite are mineral clay powders, they perform quite differently
from bentonite. They are typically used where bentonite performs poorly, such as in marine
environments which causes bentonite to flocculate. These clay minerals, in contrast to bentonite,
are not hydrated by water and therefore have the ability to be used immediately after mixing.
Figure 2.3 shows attapulgite slurry being displaced from a construction form. They also do not
have the same suspension longevity as bentonite and therefore must be agitated frequently to
ensure effectiveness. Another differing aspect is the filter cake, instead a soft clay layer is created
on the walls of the excavation. This layer is an effective filter which is thought to be scoured off
more easily by rising concrete, which is ideal considering this layer has a lower shear strength
(O’Neill and Reese, 1999). However, the concept of “scour” as it pertains to excavation side walls
is debatable and has been shown to not occur in tremie placed application with standard to
congested cages.
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Figure 2.3 Attapulgite slurry exiting the form during concreting.
2.3.3 Polymer
Polymer slurries, where approved, are a relatively new alternative to mineral slurry,
(Figures 2.4 and 2.5). Polymer slurries were introduced to the market around the 1980’s. “The
term polymer refers to any of numerous natural and synthetic compounds, usually of high
molecular weight, consisting of individual units (monomers) linked in a chain-like structure”
(Brown, et al., 2010). Polymer slurry is formed through the mixture of polyacrylamides and water.
This mixture forms long chain-like molecules. These molecules are negatively charged, promoting
molecular repulsion (O’Neill and Reese, 1999).
Polymer slurries like mineral slurries are used to provide excavation stability. Also like
mineral slurries polymers require a minimum amount of head to provide the needed hydrostatic
pressure. Polymer slurries differ from mineral though, as their structure prevents the formation of
a filter cake. Thus, to overcome the groundwater intrusion, a sufficient head differential must be
maintained. To obtain excavation stability without the use of a filter cake, polymer slurry

15

continuously flows into the walls of the excavation. This is done at a slower rate due to the
increased viscosity.

Figure 2.4 Polymer slurry exiting the form during concreting.

Figure 2.5 Close-up of a thicker viscosity polymer slurry exiting the form.
2.3.4 Blended Slurry
A blended slurry is the mixture of a mineral and polymer slurry, with bentonite typically
used as the mineral slurry. This is done to take advantage of the benefits that each slurry type has
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to offer. However, blended slurries are not common and require expertise in the area beyond what
is typically available. (Brown, et al., 2010)
2.3.5 Marsh Funnel Test
It has been established that slurry in general is used to provide excavation stability. This is
generally executed by introducing the slurry to the excavation and maintaining it at an elevation
of at least four feet above the groundwater table (FDOT, 2018). The slurry viscosity greatly affects
the performance in maintaining stability. Slurry viscosity is tracked and measured through the
Marsh funnel test method (API, 2009). This method works by timing how quickly a known volume
of fluid discharges with falling head from a standardized funnel, Figure 2.6 (API, 2009). The unit
of measurement for viscosity is seconds per quart. The thicker the slurry, the higher the Marsh
funnel viscosity. For reference, the Marsh funnel viscosity of water is 26sec/qt, this is the lower
viscosity limit for drilling fluids. Typical workable ranges for mineral slurry are from 30 to
50sec/qt (Brown, et al., 2010) and 50 to 90sec/qt for polymer slurry (Mullins, et al., 2018).

Figure 2.6 A Marsh funnel viscosity test in progress.
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2.4 Concrete Selection for Drilled Shafts
Concrete used for drilled shafts, considered Class IV concrete, must be highly flowable so
it can flow through the tremie pipe and fill the excavation. FDOT specifies a target slump of 8.5in
and range of 7 to 10in (FDOT, 2018), whereas FHWA recommends a range of 7 to 9in (Brown,
et al., 2010). FDOT further specifies that the concrete must maintain a minimum 5in slump
throughout the entire concreting process (FDOT, 2018). In addition, FDOT mandates a minimum
28-day concrete compressive strength of 4,000psi (FDOT, 2018).
Considering the mass amounts of concrete used in the casting of a drilled shaft,
construction temperature must be monitored, and measures should be taken to prevent excessive
heat generation by the concrete (i.e. the concrete should have a low heat of hydration). Concrete
must have low permeability to minimize corrosion potential and by cohesive in nature to resist
leaching from the drilling fluid (Brown, et al., 2010).
2.5 Concrete Deficiencies
Deficiencies can occur with drilled shafts, deviating from perfect concrete quality. Defects
are considered to compromise the structural integrity of the shaft and fall into three categories of
channeling, inclusions, and quilting (Beckhaus, 2016).
2.5.1 Channeling
Channeling, also known as bleed channels, is a defect that occurs when the concrete mix
does not have the appropriate resistance to bleeding and segregation (Figure 2.7). Channeling can
be defined as “vertical narrow zones with lightly cemented aggregate with a lack of fines and
cement matrix, usually near the surface of the panel or pile” (Beckhaus, 2016). Channeling is not
a critical defect as it does not significantly reduce durability. (Beckhaus, 2016)
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Figure 2.7 Examples of channeling.
2.5.2 Inclusions
Inclusions occur when material that is not homogenously mixed concrete gets trapped at
the time of concreting. Examples of inclusions are uncemented material mixed with drilling fluid,
in-situ soil material, clumps of poorly mixed cement and segregated concrete. While inclusions
can be considered defects if bearing capacity or wide areas of the cover zone are affected, usually
they are considered acceptable when limited to less than 10% of the cross section (O’Neill and
Reese, 1999). Figure 2.8 shows examples of severe inclusions that required remediation.

Figure 2.8 Severe soil inclusions (left) which can cause exposed rebar (right) (Mullins and
Ashmawy, 2005).
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2.5.3 Quilting
Quilting, also known as mattressing, happens when there is a lack of flow in the concrete.
Quilting is any visual crease from vertical reinforcement and/or horizontal reinforcement shown
at the outside surface of the concrete which essentially mimics the reinforcing steel cage pattern
(Figure 2.9). This type of defect can have dire consequences on durability as the effect of the
concrete cover region is negated. This makes a clear route for bleed water, hence leading to
channeling as well. It can also provide an unabated route for environmental chlorides to attack the
reinforcement as the crease stems from the steel, facilitating the corrosion process. To prevent this
from happening a highly flowable concrete should be used (Beckhaus, 2016). However, the
efficacy of any concrete flow into the cover in the presence of slurry without degradation is being
scrutinized by this study as well as others (Mobley, 2019).

Figure 2.9 Example of quilting.
2.6 Self-Consolidating Concrete
Concrete flow remains one of the most significant issues when tremie placing concrete in
shafts. As a result, many studies have been performed to investigate the use of self-consolidating
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concrete (SCC) for drilled shafts. SCC is a highly flowable concrete, which contains viscosity
modifying admixtures to prevent segregation. It is also classified by having a limited aggregate
content and low water-to-powder ratio (Okamura and Ouchi, 2003). All studies examined thus far
have concluded that SCC is an acceptable alternative to Class IV concrete (Hodgson III, et al.,
2005; Brown, et al., 2007; Rausche, et al., 2005), however some have also decided it was not worth
the cost as the same result could be accomplished using smaller diameter rounded aggregate
(Brown, et al., 2007). SCC mixes also usually require higher amounts of binder which are both
expensive and heat producing. With shaft diameters greater than 4ft in diameter, this presents new
problems in controlling internal temperature levels and temperature distributions to prevent high
temperature-induced cracking and decreases in durability (Mullins, et al., 2018).
2.7 Concrete Flow
The intended performance of fresh concrete is to expel/displace drilling fluid while placing
the fluid concrete. This is a blind process that is only recently being understood.
2.7.1 Misconception of Concrete Flow
In 2005, Deese and Mullins documented the misconception of concrete flow in drilled
shafts. Previously, tremie-placed concrete was believed to rise in a uniform vertical layer across
the shaft, displacing all slurry, and where upward flow in the cover would scour the soil side walls
of slurry buildup as well as the reinforcement. Deese and Mullins showed instead that there was a
buildup of concrete within the reinforcing cage before the concrete was then pushed radially
through the cage into the cover region. For this to occur a critical differential concrete height must
be achieved between the center of the cage and cover region. This differential height was shown
to be affected by clear rebar spacing, rate of concrete placement, and the maximum coarse
aggregate size. This research showed that concrete does not displace slurry in a manner similar to
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oil over water, but instead slurry has the ability to become trapped in and/or against the sidewalls
of the concrete. (Deese and Mullins, 2005)
Images of shafts have later shown the presence of this concrete build-up, but in cases where
shafts were found to have been incompletely concreted. This further highlights that at the end of a
concrete pour when the concrete in the cage has reached the top of the cage, the cover concrete
will still be lower and that only the toppling of concrete over the top edge of the cage will fill the
final several feet of cover regions. This toppling action implies segregation of this concrete as it
falls through the slurry in the cover. Figure 2.10 shows two shafts at different degrees of concrete
completion when the tremie was extracted and where the buildup in the cage can be seen. In both
cases, the tremie placed portion of the concrete pour was assumed to be complete and a surface
formwork was used to dry pour the top of the shaft pedestal for a light mast fixture.

Figure 2.10 Concrete buildup inside the cage that provides lateral pressure to fill the cover.
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2.7.2 Impacts of Poor Concrete Flow
2.7.2.1 Summary of Studies
Numerous studies have shown that when compared to water or polymer cast shafts, the use
of bentonite slurry in excavation support results in as much as a 50 percent reduction in concrete
to soil bond (Majano, 1992; Brown, 2002; Lam, et al., 2014; Lam and Jefferis, 2015). Initial
explanations credited this reduction in side shear to the filter cake that forms as the bentonite slurry
flows into the surrounding soil and deposits clay particles on the excavation walls. While this is
partially responsible, a far more significant mechanism for the deposition of bentonite along the
side walls is from the trapping of bentonite due to the radial concrete flow (Caliari de Lima, 2017).
2.7.2.2 Bowen (2013)
Bowen (2013) investigated the upper viscosity limit for bentonite slurry. However, during
testing concrete flow issues were recognized. For this research, 18 small-scale shafts were cast that
were 42in diameter and 24in tall using No.8 bars as reinforcement with 6in clear cover and spacing.
A projection of the reinforcing cage could be seen on the concrete surface for almost all of the
bentonite specimens (Figures 2.11 and 2.12). This was a result of laitance creases which form as
radially flowing concrete fills the cover region, as depicted by Mullins and Deese.
While this research was focused on bentonite, several polymer shafts were cast as well.
These shafts did not demonstrate the severity of mattressing noted with bentonite. Light crease
lines were only noticed when closely examining the shafts. Bowen’s work concluded by defining
an upper viscosity limit for bentonite use in the state of Florida to be 40sec/qt to prevent
pronounced quilting/mattressing in bentonite cast shafts. (Bowen, 2013)
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Figure 2.11 Shaft 7 30sec/qt bentonite (left), shaft 8 40sec/qt bentonite (right).

Figure 2.12 Shaft 4 55sec/qt bentonite (left), shaft 5 90sec/qt bentonite (right)
2.7.2.3 Mobley (2017)
Following Bowen’s work Mobley (2017) conducted electrochemical testing on the same
set of test shafts, with the addition of 6 more specimens (to be introduced in chapter 3) which
included a SCC-water and SCC-bentonite shaft. Mobley’s testing investigated the corrosion
potential of the shafts primarily by conducting multi-point surface potential mapping. The multipoint surface mapping was completed using a 28in by 42in plastic sheet with holes on a 3in grid,
a copper-copper sulfate reference electrode and a standard multimeter. This testing was performed
in accordance with ASTM C786-09. A 50th percentile value, referred to as E50, was statistically
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determined for all specimens from the surface potential data. A corrosion potential lower than
negative 350mV was noted to indicate the specimen was actively corroding.
Of the 24 shafts tested, 35% were found to have an E50 below -350mV, all of which were
bentonite cast shafts; in fact, all bentonite specimens exhibited at least one surface potential value
below -350mV indicating all bentonite specimens were actively corroding. Figures 2.13, 2.14 and
2.15 show a comparison of water, polymer, and bentonite cast shafts in terms of surface potential
contours. Mobley’s work concluded that the cover integrity and corrosion protection were
substantively affected by bentonite casting environments. (Mobley, 2017)

Figure 2.13 Water cast shaft surface potential grid map.
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Figure 2.14 Polymer 87 sec/qt cast shaft surface potential grid map.

Figure 2.15 Bentonite 40sec/qt cast shaft surface potential grid map.
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2.8 Bond Strength
Whereas development length is a practical parameter required to ensure proper reinforcing
steel performance, its determination stems from studies focused on the bond stress (u) between
concrete and reinforcing bars (Orangun, et al., 1975; Darwin, et al., 1992; Darwin, et al., 1996;
Darwin, et al., 1998; Zuo and Darwin, 2000; Sozen and Moehle, 1990). In short, it is the minimum
length a steel reinforcing bar must be embedded in concrete to ensure the full strength of the bar
can be “developed.” Intuitively, the development length is dependent on both the steel and concrete
strength parameters.
2.8.1 ACI 318-14 Development of the Current Bond Strength and Development/Splice
Length Equation
Currently there are two development length equations provided by the American Concrete
Institute (ACI): ACI 318-14 and ACI 408R-03. The origins of these equations are briefly described
below under their respective sections, both stem from the works of Orangun, Jirsa, and Breen
(1975). A primary difference between the two equations is that ACI 318-14 normalizes concrete
compressive strength (f’c) to the square root, versus ACI 408R-03 which normalizes f’c to the
quarter root (when disregarding transverse reinforcement). Note that terms are defined as
necessary and only redefined if the base definition is altered or base units vary.
2.8.1.1 Orangun, Jirsa, and Breen (1975)
The current ACI 318-14 equation initially stems from the work of Orangun, Jirsa, and
Breen (1975). In this study an expression (Equation 1) was developed for the average bond stress
at failure using statistical techniques. Note the expression was normalized to the square root of f’c.
This was completed through a regression analysis based on 62 beams, for bars not confined by
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transverse reinforcement. This equation relates the bond strength, uc, to the length of bond,
encapsulating concrete cover thickness, size of bar, and concrete strength.
𝑢𝑢𝑐𝑐
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(Eq. 1)
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cmin = smaller of minimum concrete cover or ½ of the clear spacing between bars, in
ld= development or splice length, in
db= nominal diameter of bar being developed or spliced, in
This expression was then altered slightly by rounding to the form of Equation 2:
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(Eq. 2)
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Orangun et al. (1975) also examined bars confined by transverse reinforcement which led
to the inclusion of an additional term to account for the spacing and strength of confining steel
(stirrups), Equation 3.
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(Eq. 3)

Atr= area of transverse reinforcement normal to the plane of splitting through the anchored
bars, in2
fyt = yield strength of transverse reinforcement, psi
s = spacing of transverse reinforcement, in
n = number of bars or wires being developed or lap spliced along the plane of splitting
2.8.1.2 Sozen and Moehle (1990)
The other study influencing the ACI 318-14 equation is the work of Sozen and Moehle
(1990). Therein, Sozen and Moehle completed a study investigating bond strength data from 16
various sources. Their goal was to outline a design procedure for determining required
development/splice length. They concluded with an equation for allowable bond strength
(Equation 4) as well as development length (Equation 6).
1 1 1 1
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(Eq. 4)

where u = allowable bond strength for design, psi
f’c = compressive strength of concrete (6x12in cylinder), psi
𝛼𝛼𝑎𝑎 = 1.0 if minimum concrete cover and clear bar separation are less than 2.5 times the bar
diameter, or 2/3 if minimum concrete cover and clear bar separation are not less than
2.5 times the governing bar diameter
𝛼𝛼𝑏𝑏 = 1.0 if the amount of uniformly distributed reinforcement along require development
or lap splice length does not satisfy Equation 5, or 2/3 if the amount of uniformly
distributed transverse reinforcement along required development or lap splice length
does satisfy Equation 5.
𝐴𝐴𝑡𝑡𝑡𝑡 𝑓𝑓𝑦𝑦
𝑁𝑁𝑁𝑁𝑏𝑏 𝑠𝑠

≥ 3000𝑝𝑝𝑝𝑝𝑝𝑝

(Eq. 5)

Atr = total cross-sectional area of transverse reinforcement within a spacing s and
perpendicular to the plane of the bars being spliced or developed, in2
N = number of (transverse) bars being developed or spliced in a layer
s = spacing of transverse reinforcement along bars developed or spliced, in
𝛼𝛼𝑐𝑐 = 1.3 if depth of concrete mix placed in one lift under horizontal reinforcing bar exceeds
12in or 1.0 if depth of concrete mix placed in one lift under horizontal reinforcing bar
does not exceed 12in
𝛼𝛼𝑑𝑑 = 1.5 if the bar is coated with epoxy or 1.0 if the bar is not coated with epoxy
𝑙𝑙𝑠𝑠 = 𝛼𝛼𝑎𝑎 𝛼𝛼𝑏𝑏 𝛼𝛼𝑐𝑐 𝛼𝛼𝑑𝑑

𝑓𝑓𝑦𝑦 𝑑𝑑𝑏𝑏

(Eq. 6)

24�𝑓𝑓𝑐𝑐′

2.8.1.3 Current Recommendation for the Development of Deformed Bars and Deformed
Wires in Tension
As indicated in Equations 4 and 6, Sozen and Moehle also normalized bond with respect
to the square root of the concrete strength, f’c, which has been carried through to form the
development length equation currently used by ACI 318-14 (Equation 7).
3

𝑙𝑙𝑑𝑑 = �40
where the confinement term

𝑐𝑐𝑏𝑏 +𝐾𝐾𝑡𝑡𝑡𝑡
𝑑𝑑𝑏𝑏

𝑓𝑓𝑦𝑦

𝛹𝛹𝑡𝑡 𝛹𝛹𝑒𝑒 𝛹𝛹𝑠𝑠

� 𝑑𝑑𝑏𝑏

𝑐𝑐𝑏𝑏 +𝐾𝐾𝑡𝑡𝑡𝑡
�
𝑑𝑑𝑏𝑏

𝜆𝜆�𝑓𝑓𝑐𝑐′ �

(Eq. 7)

shall not exceed 2.5. This is based on the condition that values

above 2.5 will result in a pullout failure whereas under 2.5 splitting failures are likely to occur.
(ACI 318-14)

29

40𝐴𝐴

𝐾𝐾𝑡𝑡𝑡𝑡 = 𝑠𝑠𝑠𝑠𝑡𝑡𝑡𝑡
𝛹𝛹𝑒𝑒 = coating on the reinforcement factor; uncoated or zinc galvanized is 1, 1.5 if epoxy
coated or zinc and epoxy dual coated with clear cover less than 3db or clear spacing
less than 6db, other epoxy coated is 1.2
𝛹𝛹𝑠𝑠 = size of reinforcement factor; #7 or larger is 1
𝛹𝛹𝑡𝑡 = casting position factor; more than 12in of fresh concrete placed below horizontal
reinforcement is 1.3, other is 1
Table 2.1 shows the simplified development length equations due to the preselection of
𝑐𝑐𝑏𝑏 +𝐾𝐾𝑡𝑡𝑟𝑟
𝑑𝑑𝑏𝑏

value. The first case listed represents a preselected value of 1.5, whereas ‘other cases’ use a

value of 1.0. (ACI Committee 318, 2014)
Table 2.1 Simplified development length equations for ACI 318-14. (ACI Committee 318, 2014)
Spacing and Cover
Clear spacing of bars or wires
being developed or lap spliced
not less than db, clear cover at
least db, and stirrups or ties
throughout ld not less than the
Code minimum
Or
Clear spacing of bars or wires
being developed or lap spliced
at least 2db and clear cover at
least db
Other cases

No. 6 and smaller bars and
No. 7 and larger bars
deformed wires

𝑓𝑓𝑦𝑦 𝛹𝛹𝑡𝑡 𝛹𝛹𝑒𝑒
�
� 𝑑𝑑𝑏𝑏
25𝜆𝜆�𝑓𝑓𝑐𝑐′

𝑓𝑓𝑦𝑦 𝛹𝛹𝑡𝑡 𝛹𝛹𝑒𝑒
�
� 𝑑𝑑𝑏𝑏
20𝜆𝜆�𝑓𝑓𝑐𝑐′

3𝑓𝑓𝑦𝑦 𝛹𝛹𝑡𝑡 𝛹𝛹𝑒𝑒
�
� 𝑑𝑑𝑏𝑏
50𝜆𝜆�𝑓𝑓𝑐𝑐′

3𝑓𝑓𝑦𝑦 𝛹𝛹𝑡𝑡 𝛹𝛹𝑒𝑒
�
� 𝑑𝑑𝑏𝑏
40𝜆𝜆�𝑓𝑓𝑐𝑐′

The development length used shall be the greater of the length calculated from one of these
equations using all necessary modification factors, or 12in. Modification factors are necessary for
lightweight concrete (𝜆𝜆), epoxy (𝛹𝛹𝑒𝑒 ), bar size (𝛹𝛹𝑠𝑠 ), and casting position (𝛹𝛹𝑡𝑡 ).
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2.8.2 ACI 408R-03 Development of Proposed Bond Strength and Development/Splice Length
Equation
2.8.2.1 Darwin et al. (1992)
The development of the current ACI 408R-03 equations again stem from the work of
Orangun, Jirsa, and Breen (1975), as seen in 2.8.1.1. Following their work was the work of Darwin
et al. (1992) which included reanalyzing the Orangun et al. (1975) data for bars not confined by
transverse reinforcement leading to Equation 8, where cmin and cmax were incorporated as well.
𝑇𝑇𝑐𝑐

�𝑓𝑓𝑐𝑐′

=

𝐴𝐴𝑏𝑏 𝑓𝑓𝑠𝑠
�𝑓𝑓𝑐𝑐′

𝑐𝑐

= 6.67𝑙𝑙𝑑𝑑 (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 ) �0.08 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.92� + 300𝐴𝐴𝑏𝑏
𝑚𝑚𝑚𝑚𝑚𝑚

(Eq. 8)

Ab = area of bar being developed or spliced
fs = steel stress at failure, psi
cmax = maximum of cbot or cs, (cmax/cmin ≤ 3.5), in.
cbot = bottom concrete cover for reinforcing bar being developed
cs = minimum of (cso, csi +0.25) or min (cso, csi), in.
csi = ½ the bar clear spacing between bars, in.
cso = side concrete cover for reinforcing bars, in.
2.8.2.2 Darwin et al. (1996)
Now using a larger data base, Darwin et al. (1996) completed a study with 133 specimens
not confined by transverse reinforcement and 166 specimens which were confined, all of which
were bottom-cast bars. It was determined through analysis of these specimens that using the fourth
root minimized the spread in data from variations in concrete strength, f’c, and thus it provided a
better representation of concrete strength for purposes of development length. This study also
included the effect of relative rib area, Rr. The 1996 study resulted in Equations 9 and 10 for bars
not confined and bars confined by transverse reinforcement, respectively.

𝑐𝑐

𝑇𝑇𝑐𝑐
1/4
′
𝑓𝑓𝑐𝑐

=

𝐴𝐴𝑏𝑏 𝑓𝑓𝑠𝑠

1/4
𝑓𝑓𝑐𝑐′

𝑐𝑐

= [63𝑙𝑙𝑑𝑑 (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 ) + 2130𝐴𝐴𝑏𝑏 ] �0.1 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.9�

where �0.1 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.9� ≤ 1.25
𝑚𝑚𝑚𝑚𝑚𝑚
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𝑚𝑚𝑚𝑚𝑚𝑚

(Eq. 9)

𝑇𝑇𝑏𝑏

1
𝑓𝑓𝑐𝑐′ 4

=

𝐴𝐴𝑏𝑏 𝑓𝑓𝑠𝑠
1
𝑓𝑓𝑐𝑐′ 4

𝑐𝑐

= [63𝑙𝑙𝑑𝑑 (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 ) + 2130𝐴𝐴𝑏𝑏 ] �0.1 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.9� + 2226𝑡𝑡𝑟𝑟 𝑡𝑡𝑑𝑑
𝑚𝑚𝑚𝑚𝑚𝑚

𝑁𝑁𝐴𝐴𝑡𝑡𝑡𝑡
𝑛𝑛

+ 66 (Eq. 10)

Tb = total bond force of a developed or spliced bar
= Tc + Ts
tr = term representing the effect of relative rib area on Ts
= 9.6Rr + 0.28
td = term representing the effect of bar size on Ts
= 0.72db + 0.28
N = number of transverse stirrups or ties within the development length
It should be noted that these equations are based on the best-fit or average expression.

Hence, a reduction factor was suggested or the value will be under predicted half of the time. While
this is entertained in Darwin et al. (1996), in 1998 Darwin et al. produced a publication solely
analyzing this factor known as the strength reduction factor for bond, φb. The process is
summarized in the subsequent paragraphs.
2.8.2.3 Darwin et al. (1998)
For bond, there are three reduction factors (φ) to consider. The first is φb, the strength
reduction factor for bond. Next is φ which is the strength reduction factor for the main loading (i.e.
bending). Last is φd, the effective strength reduction factor used in calculating development/splice
length (φd = φb/φ). (Darwin, et al., 1998)
The first step in this analysis is to choose the level of confidence or reliability index needed.
For structures, a reliability index of 3.5 is commonly used which correlates to a 1 in 4149 failure
ratio. Using 3.5 also produces a probability of failure equal to about one-fifth of that obtained with
3.0, which is commonly used for reinforced concrete beams and columns (Darwin, et al., 1998).
It should be noted Darwin et al. (1998) used random variables to conduct Monte-Carlo
simulations, however not all variables need to be random to complete this calculation. There are
several variables of importance. The first is the nominal ratio of live load to dead load denoted as
(QL/QD)n. Values used for these calculations were 0.5, 1, and 1.5. Next, X(2) and X(3) were actual32

to-nominal dead and live load random variables, respectively. Darwin et al. stated for reinforced
concrete structures X(2) and X(3) are 1.03 and 0.975, respectively. VQD and VQL (the coefficient
of variation for the dead load and live load) were also given as 0.093 and 0.25, respectively. Load
factors used (ɣD, ɣL) depend on the code used. These variables impact the calculation of the mean
random loading variable, 𝑞𝑞�, and the coefficient of variation of the random loading variable (Vφq),

Equations 11 and 12.

𝑄𝑄
�����������������
𝑋𝑋(2)+𝑋𝑋(3)� 𝐿𝐿 �
𝑄𝑄𝐷𝐷 𝑛𝑛
𝑞𝑞� = �
�
𝑄𝑄𝐿𝐿

𝛾𝛾𝐷𝐷 +𝛾𝛾𝐿𝐿 �

(Eq. 11)

�

𝑄𝑄𝐷𝐷 𝑛𝑛

𝑉𝑉∅𝑞𝑞 =

2 1/2

�������𝑉𝑉𝑄𝑄 �2 +�𝑋𝑋(3)
�������� 𝑄𝑄𝐿𝐿 � 𝑉𝑉𝑄𝑄 � �
��𝑋𝑋(2)
𝐷𝐷
𝐿𝐿
𝑄𝑄𝐷𝐷 𝑛𝑛
�������
�������� 𝑄𝑄𝐿𝐿 �
𝑋𝑋(2)+𝑋𝑋(3)

(Eq. 12)

𝑄𝑄𝐷𝐷 𝑛𝑛

The random resistance variables, including mean test-prediction ratio (𝑟𝑟̅ ) and the
coefficient of variation of the resistance random variable Vr can be randomly generated as well or
calculated from test data. When using a set of data for analysis, 𝑟𝑟̅ and Vr can be found by taking
the mean of the measured/prediction ratio (𝑟𝑟̅ ), finding the standard deviation, and then dividing
the standard deviation by the mean to solve for the coefficient of variation (Vr).
Using all variables discussed above the strength reduction factor for bond can be calculated
using Equation 13.
𝑟𝑟̅

2

2

∅𝑏𝑏 = 𝑞𝑞� 𝑒𝑒 −�𝑉𝑉𝑟𝑟 +𝑉𝑉∅𝑞𝑞�

1/2

𝛽𝛽

(Eq. 13)

Once the bond reduction factor has been found, it is then divided by the strength reduction
factor for loading (φ) to yield the effective strength reduction factor, φd. This reduction factor is
then applied to applicable development length and bond stress equations.
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2.8.2.4 Zuo and Darwin (2000)
Continuing to build upon past work Zuo and Darwin released another paper on bond
strength in 2000. For this research a total of 64 beam splice specimens were tested with various
reinforcing bar sizes, concrete properties (strength and aggregate), and with or without the
utilization of stirrups. While analyzing this data in conjunction with past data (171 specimens) a
new form of equation 9 (equation 14) was produced, differing only slightly in that 63 decreased to
59.8 and the coefficient for Ab increased to 2350 from 2130. (Zuo and Darwin, 2000)
𝑇𝑇𝑐𝑐
1/4
′
𝑓𝑓𝑐𝑐

=

𝐴𝐴𝑏𝑏 𝑓𝑓𝑠𝑠

1/4
𝑓𝑓𝑐𝑐′

𝑐𝑐

= [59.8𝑙𝑙𝑑𝑑 (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 ) + 2350𝐴𝐴𝑏𝑏 ] �0.1 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.9�
𝑚𝑚𝑚𝑚𝑚𝑚

(Eq. 14)

Regarding splices with transverse reinforcement, it was concluded that while the fourth
root function of f’c for the concrete contribution (Tc) remained the most effective, the three-quarter
power was most accurate for the transverse reinforcement (Ts). This led to the development of
Equation 15. (Zuo and Darwin, 2000)
𝑇𝑇𝑠𝑠
3/4
′
𝑓𝑓𝑐𝑐

= 31.14𝑡𝑡𝑟𝑟 𝑡𝑡𝑑𝑑

𝑁𝑁𝐴𝐴𝑡𝑡𝑡𝑡

td = term representing the effect of bar size on Ts
= 0.78db + 0.22

𝑛𝑛

+ 3.99

(Eq. 15)

Combining Equations 14 and 15 results in Equation 16.
𝑇𝑇𝑏𝑏

𝑓𝑓𝑐𝑐′

1/4

=

𝐴𝐴𝑏𝑏 𝑓𝑓𝑠𝑠

𝑓𝑓𝑐𝑐′

1/4

= [59.8𝑙𝑙𝑑𝑑 (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 ) + 2350𝐴𝐴𝑏𝑏 ] �0.1

𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚

+ 0.9� + (31.14𝑡𝑡𝑟𝑟 𝑡𝑡𝑑𝑑

𝑁𝑁𝐴𝐴𝑡𝑡𝑡𝑡
𝑛𝑛

+ 3.99)�𝑓𝑓𝑐𝑐′

(Eq. 16)

2.8.2.5 Current Recommendation for the Development of Deformed Bars and Deformed
Wires in Tension
ACI Committee 408 has since made minor changes to Equations 14 and 16 as seen in ACI
408R-03 (2003) and in Equations 17 and 18.
𝑇𝑇𝑐𝑐
1/4
′
𝑓𝑓𝑐𝑐

=

𝐴𝐴𝑏𝑏 𝑓𝑓𝑠𝑠

1/4
𝑓𝑓𝑐𝑐′

𝑐𝑐

= [59.9𝑙𝑙𝑑𝑑 (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 ) + 2400𝐴𝐴𝑏𝑏 ] �0.1 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.9�
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𝑚𝑚𝑚𝑚𝑚𝑚

(Eq. 17)
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1/4
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𝐴𝐴𝑏𝑏 𝑓𝑓𝑠𝑠

𝑓𝑓𝑐𝑐′

1/4
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𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚
𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚

+ 0.9� + (30.88𝑡𝑡𝑟𝑟 𝑡𝑡𝑑𝑑

𝑁𝑁𝐴𝐴𝑡𝑡𝑡𝑡
𝑛𝑛

+ 3)�𝑓𝑓𝑐𝑐′

(Eq. 18)

In terms of development length, Equation 19 was produced from Equations 17 and 18. To
ensure a low probability of failure, reduction factors were then found per the Darwin et al. 1998
process. ACI Committee 408 recommends using a strength reduction factor of 0.82 for dead and
live load factors of 1.2 and 1.6, respectively, corresponding to a 0.9 reduction factor for bending.
This was then applied to Equation 19 finally forming Equation 20, the design equation
recommended by ACI Committee 408. (ACI Committee 408, 2003)
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𝑑𝑑𝑏𝑏

62�

(Eq. 19)

(Eq. 20)

β = coating factor; uncoated reinforcement is 1, epoxy coated is 1.5 with cover less than
3db or clear spacing less than 6db, other epoxy coated is 1.2
λ = lightweight concrete factor; normal weight concrete is 1
α = reinforcement location factor; 1.3 if reinforcement placed so 12in or more of fresh
concrete is cast below the development length, other is 1.0
𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚
𝜔𝜔 = 𝑐𝑐
+ 0.9 ≤ 1.25
𝑚𝑚𝑚𝑚𝑚𝑚

Note here the bond/development length concrete compressive strength uses the fourth root
instead of the square root. The term

𝑐𝑐𝑐𝑐+𝐾𝐾𝑡𝑡𝑡𝑡
𝑑𝑑𝑏𝑏

must be less than or equal to 4.0. Modification factors

taken into account are lightweight concrete (λ), epoxy (β), and casting position (α).
2.8.3 American Association of State Highway and Transportation Officials (AASHTO)
The current recommendations for the American Association of State Highway and
Transportation Officials (AASHTO) are adapted from ACI 318-14, with the primary difference
being that ksi is used instead of psi for concrete and steel strength (f’c and fy, respectively). The
expression recommended has two parts, Equations 21 and 22.
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𝜆𝜆𝑟𝑟𝑟𝑟 𝜆𝜆𝑐𝑐𝑐𝑐 𝜆𝜆𝑟𝑟𝑟𝑟 𝜆𝜆𝑒𝑒𝑒𝑒

𝑙𝑙𝑑𝑑 = 𝑙𝑙𝑑𝑑𝑑𝑑 �

𝑙𝑙𝑑𝑑𝑑𝑑 = 2.4𝑑𝑑𝑏𝑏

𝜆𝜆

𝑓𝑓𝑦𝑦

�

(Eq. 21)
(Eq. 22)

�𝑓𝑓𝑐𝑐′

Modification factors included in this equation are lightweight concrete (λ), epoxy (λcf),
reinforcement location or casting position (λri), and reinforcement confinement (λrc). The
reinforcement confinement term is satisfied by the equation𝑐𝑐

𝑑𝑑𝑏𝑏

𝑏𝑏 +𝐾𝐾𝑡𝑡𝑡𝑡

where 𝑘𝑘𝑡𝑡𝑡𝑡 = 40𝐴𝐴𝑡𝑡𝑡𝑡 /(𝑠𝑠𝑠𝑠) and

λrc must fall between or equal to 0.4 and 1.0, this is equivalent to the 2.5 limitation placed on the
inverse of this term, seen in ACI 318-14. (AASHTO, 2017)
2.8.4 Slurry Effects on Bond Strength

None of the above codes (ACI 318-14, ACI 408R-03, AASHTO 2017) mention the
potential effects of slurry on bond strength. ACI 408R-03 does mention bar cleanliness, where
“reinforcement must be free of mud, oil, and other nonmetallic coatings” (ACI Committee 408,
2003). The FHWA manual, which references AASHTO’s equations, does provide a section on
bond and slurry. It states, “Fleming and Sliwinski (1977) report that the general opinion is that
there is no significant reduction of bond between concrete and the reinforcing steel in drilled shafts
constructed under bentonite slurry” (Brown, et al., 2010). They go on to give an acknowledgement
from the Federation of Piling Specialists to increase bond, but not more than 10% of the value for
plain bars. However the conclusions made in this section are predominantly based on testing
completed by Butler and are as follows: “The current state of knowledge on this topic suggests
that the use of mineral and polymer slurries for drilled shaft construction does not reduce the bond
resistance between concrete and reinforcing bars. There is currently no reason to account for the
use of drilling fluids when considering development length of rebar in drilled shafts” (Brown, et
al., 2010).
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2.8.4.1 Seal Slab to Pile Bond
Research conducted on tremie placed seal slabs around steel H-piles and prestressed
concrete piles revealed that the slurry or fluid to be displaced by the concrete can have an effect
on the bond between the pile and seal slab (Sosa, 1999; Mullins, et al., 1999; Mullins, et al., 2001;
Mullins, et al., 2002). Prior to this research, seal slab design assumed bond to be negligible or was
fully discounted. Test results demonstrated that significant bond could be expected in some cases,
however, when the fluid displaced was bentonite slurry a notable reduction in bond was seen. The
effects of fluid type on tremie placed seal slab to steel pile bond are shown in Figure 2.16 below.
For this study full scale seal slabs were cast around W14x90 steel pile sections and 14in prestressed
concrete square piles located in cofferdams that were flooded with water or bentonite slurry. Dry
conditions were also tested as controls. The concrete piles and steel pile tests gave similar results.
Specifically for the steel piles when compared to the dry construction values, water conditions
averaged bond values 4% lower and bentonite slurry showed up to a 54% reduction in bond in
comparison. Polymer slurry was not tested.
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Figure 2.16 Steel pile to seal slab bond.
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2.8.4.2 Slurry Effects on Rebar Bond
2.8.4.2.1 Jones and Holt (2004)
Jones and Holt investigated the effects of bentonite and polymer slurry on bond strength
through previously performed laboratory and field testing. The first set of test data inspected was
from the Construction Industry Research and Information Association (CIRIA) laboratory testing
in 1967. Piles were cast where the concrete was injected into the base of the form to displace the
drilling fluid, hence the No. 7 ribbed reinforcement bar was vertical for casting. It should be noted
that no transverse reinforcement was used in this study. Three casting conditions were tested: air,
bentonite, and bentonite with added clay and sand. Six samples were produced per drilling
condition, yielding 18 total samples. For testing, specimens were loaded in the direction of the
concrete flow.
The results of this study showed that the average control (air) bond stress was 1.5 times
higher than either bentonite average bond stress. Testing for slip was also performed and showed
there was more slip for bentonite cast specimens at any given stress. Also included in this testing
program were identical tests for straight and twisted bars. These bar types showed no significant
loss of bond or stiffness and thus it was concluded that the flow on concrete sufficiently removes
the bentonite in those cases. However the same cannot be said for ribbed bars, where a bentonite
residue was left on the tops of the ribbing producing a reduction in bond stress.
The next study considered was site testing by Rail Link Engineering (RLE) in 2000. In this
program, two 7m long piles were constructed per drilling condition. Each pile contained 6 No. 10
bars debonded along their length and anchored at varying depths. Thus 60 total samples were
tested, 12 per drilling condition. The casting conditions tested were air, water, bentonite, polymer
60, and polymer 100; where 60 and 100 represent the target viscosity for polymer in sec/qt. The
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bentonite Marsh funnel viscosity was kept above 30sec/qt, but below 50sec/qt. Minimal transverse
reinforcement was used, and it was assumed that concrete was filled from the base, thus resulting
in loading in the direction of concrete flow.
Based on the assumed characteristic yield strength, anything below this value was assumed
to be bond failure and anything above assumed to be the bar yielding. While air and bentonite
showed bond stresses above the yield stress at all depths, water and polymer performed poorly at
the base of the pile. While water was only poor at the base, polymers performance was variable
throughout the entire length of the pile. This trend was worse in the polymer 100 than polymer 60.
While the poor behavior seen at the bottom could be from contamination of the base and
position of the reinforcement, it was unclear why this poor performance was only seen in water
and polymer, and not bentonite. Additionally, data was recorded to monitor slip however no
consistent trends were noted. It was concluded that the accuracy of the testing may not be sufficient
to produce reliable data.
The last set of test data examined was laboratory data from the Building Research
Establishment (BRE) in 2001. This testing was prepared similarly to CIRIA as concrete was
injected at the base and no transverse reinforcement was used. The primary difference was that the
piles were cast so that testing could be performed on both ends to investigate the impact of testing
direction with regards to concrete flow. The piles were cut in two with debonded and bonded
regions on both sides of the cut. There was 10 reinforcement bar test samples per casting condition,
5 top and 5 bottom, making for 40 total test samples. The drilling conditions tested were air,
bentonite, polymer 60, and polymer 100.
This testing concluded that top loading (in the direction of concrete flow) gave 10% lower
bond stresses on average for slurry conditions than bottom loading (the opposite direction of
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concrete flow), which gave higher mean bond stresses. Load slip data was taken again with this
experimentation but produced unreliable results.
While CIRIA indicated a significant drop in bond with the use of bentonite, using corrected
bond values BRE showed all specimens were performing above what had been assumed from the
code. Site testing from RLE showed no adverse effects from the use of bentonite slurry. It is
important to recognize that both CIRIA and BRE testing did not include the use of transverse steel
and RLE testing only included a minimal amount. The use of transverse steel will improve bond
strength, however it also has the potential to make it worse.
CIRIA testing showed that in ideal-flow concreting, slurry contamination is removed from
the bottom of the reinforcement ribbing, however pockets of slurry are trapped on the tops. As
exposed by Deese and Mullins, tremie placed concrete flows radially, not uniformly and not
vertically and under these conditions Jones and Holt warn “is it possible for voids full of bentonite
to be formed between the main bars and pile wall.” Jones and Holt also acknowledge quilting that
may be seen on the surface and state that “in this situation the loss of bond capacity seen may be
significantly greater and unlikely to be covered by a simple factor on the bond length.” They go
on to recommend further research in this area. (Jones and Holt, 2004)
2.8.4.2.2 Bowen (2013)
As mentioned above in section 2.7.2.2, Bowen performed research investigating the upper
viscosity limit for bentonite slurry. One of many methods used to achieve this was through pullout
capacity testing. While the procedure for construction of these samples can be found in chapter 3
of this dissertation, a few key points of his findings will be summarized here. Bowen cast the initial
18 shafts whose data are used in this dissertation. These samples were not all cast with a bonded
length of 6in, as Bowen initially tested 18in and decreased to a 6in bonded region after finding the
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bond was too strong. Table 2.2 summarizes the qualities of these 18 shafts which resulted in 126
pullout test specimens. Testing showed that reinforcement bar bond degraded by as much as 70%
when cast with bentonite slurry considered acceptable by most state construction specifications at
the time. This issue can be related back to concrete flow issues as the concrete does not fully
encapsulate the bar, leaving potential voids and potential pockets of trapped slurry.
Table 2.2 Summary of 18 shafts previously cast and tested by Bowen (2013).
Shaft Concrete
#
Mix
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS
4KDS

Average
Pullout
Strength (kips)
Bentonite
44
18
57.234
Bentonite
105
18
49.704
Bentonite
40
10
36.894
Bentonite
55
10
32.697
Bentonite
90
10
38.094
Water
26
8, 10, 12
54.304
Bentonite
30
6
28.754
Bentonite
40
6
24.212
Bentonite
50
6
20.524
Bentonite
90
6
23.139
Polymer 1
65
6
32.338
Polymer 1
66
6
33.941
Bentonite
30
6
25.636
Bentonite
30
6
27.641
Bentonite
56
6
19.804
Polymer 1
85
6
24.077
Polymer 1
85
6
26.247
Water
26
6
34.042
Polymer 1- Polymer manufacturer one
Slurry
Type

Viscosity

Bonded
Length (in)

Average Concrete
Compressive
Strength (psi)
6150
6150
4358
4358
4358
4358
4530
4530
4530
4530
4530
4530
4753
4753
4753
4753
4753
4753

Another highlight of his findings was through the performance of radial coring on the
intersection of these creases which revealed the concrete was not contiguous. This was made
exceedingly apparent when the high viscosity bentonite slurry sample was cored, resulting in a
core separated into four pieces defined by laitance crease locations. All four pieces were found to
be coated with trapped bentonite slurry. Results from the coring can be seen in Figures 2.17 to
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2.21, which show a water shaft, 60sec/qt polymer, 30sec/qt bentonite, 40sec/qt bentonite, 50sec/qt
bentonite, and 90sec/qt bentonite. On the water shaft, there is a clean bond interface where the
concrete meets the reinforcement bar. The polymer sample displayed a light slurry coating around
the reinforcement bar.

Figure 2.17 Radial coring set up.
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Figure 2.18 An empty core hole showing the surface crease extending to the reinforcing steel.

Figure 2.19 A water core (left) and 60sec/qt polymer core (right).
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Figure 2.20 A 30sec/qt bentonite core (left) and 40sec/qt bentonite core (right).

Figure 2.21 Pieces from a 50sec/qt bentonite core (left) and a 90sec/qt bentonite core (right).
2.8.5 Previously Accepted Pullout Capacity Testing Methods
This section discusses two testing procedures to investigate bond strength completed by
Butler (1973) and Smith-Emery Laboratories, Inc. (2015). Both methods of testing were flawed
and not representative of construction practices. While Smith-Emery Laboratories testing was for
Matrix polymer slurry use in the state of California, Butler’s tests are currently referenced in the
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FHWA drilled shaft manual leading to the conclusion that there is no reason to account for drilling
fluids when considering bond.
2.8.5.1 Butler (1973)
The research performed by Butler only included two pullout tests on No.8 reinforcement
bars where tremie-placed concrete displaced bentonite slurry. One of the specimens failed from
cover spalling through poor jack alignment and the other was a bond splitting failure with 2.25in
of cover in a 30in diameter shaft. Additionally, the bentonite used for this testing was not pure
bentonite, but a bentonite-polymer blend denoted as a high yield bentonite. This product has half
the amount of suspended solids as pure bentonite and is often not accepted for bridge construction
applications (FDOT, 2018). The viscosity of the slurry was not reported, but it can be approximated
to be 30sec/qt based on the documented mix ratio of 0.21 lb/gal (Butler, 1973) and mix ratio to
viscosity correlations known for this type of slurry (Mullins, et al., 2013).
In addition to the two pullout tests performed on full-scale specimens, Butler also prepared
12 laboratory samples. Six of the samples were straight bars and the remaining 6 were deformed
bars. From each set of six, three bars were cast in dry conditions and the other three were “coated
with mud slurry before casting in concrete,” but not tremie-placed, slurry-displaced (Butler, 1973).
Thus, there were only five applicable tests conducted upon which the FHWA guidelines for slurry
effects on bond are based. In addition, none of these tests are representative of the construction
practices.
2.8.5.2 Smith-Emery Laboratories (2015)
Currently Florida and California are two of the strictest states regarding polymer slurries.
Polymers must be tested and approved prior to usage in these states, however testing methods used
are often inadequate (FDOT, 2018). An example of this can be demonstrated from Matrix polymer
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slurry testing for use in California. While the report from Smith-Emery Laboratories references
ASTM A944 and C192 for bond strength and casting/curing concrete test specimens, respectively,
it also states that modifications to these standards were necessary. Thus, instead of following the
procedure for casting of the test specimen outlined in ASTM A944, a modification was made. For
their testing 18inch long No.5 reinforcement bars placed in 6in by 12in cylinders. The samples
were prepared by first soaking the bottom 6inches of the bars in the slurry to be tested for 12 hours.
Then one soaked bar was embedded 6inches below the top of the cylinder mold in the center per
test sample, hence the tip of the slurry soaked portion was 6inches below the cylinders surface.
This differs from ASTM A944 as it states that the specimen shall be “cast in a block of reinforced
concrete” 23 to 25in long by 7.5 to 8.5in + db wide and a minimum of db + cb + le +2.5in tall
(ASTM A944). On dimensions alone, if the test was to be conducted with the cylinder on its side,
the length is approximately half of the recommended value and the diameter is less than the
recommended width and height. ASTM A944 also suggests the use of stirrups. Additionally, the
use of PVC pipes as bond breakers is mentioned to “avoid a localized cone-type failure of the
concrete at the loaded end on the specimen” (ASTM A944). This testing did not make use of
debonded regions and was therefore susceptible to this type of failure.
The concrete used was Quickrete 5000 Concrete Mix. Based on the compressive strengths
in the report, the concrete strength was just beyond the recommended strength for testing, 4500 to
5500psi. The concreting process of the cylinders was performed using ASTM C192, where the
concrete is added in three equal layers and rodded 25 times per layer. This differs from ASTM
A944 as vibration is the stated method of consolidation to be used. In either method, this will not
produce results comparable with tremie placement as the concreting process is wholly different.
By adding concrete in three equal layers and rodding or vibrating each layer, the slurry that would
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be trapped on the top of the ribbing due to tremie placement, as noted by Jones and Holt, would
most likely not be there. As this residue is what primarily caused a fluctuation in bond stress with
tremie placed concrete (Jones and Holt, 2004), this test fabrication cannot be stated as equivalent.
For pullout capacity testing, a station was set up similar to what is depicted in ASTM A944,
however instead of the unit performing a horizontal test, the sample was placed upside-down for
testing.
Overall, these tests which were accepted, do not reflect field conditions for two substantial
reasons. The creation and casting of the specimen should have been in tremie placed conditions to
simulate a realistic environment, and a debonded region should have been utilized to avoid a
localized cone-type failure of the concrete.
During the RLE testing, performance results from polymer slurries proved to be variable
and at times insufficient (Jones and Holt, 2004). In short, present test methods to verify slurry
performance are inadequate.
2.9 Chapter Summary
Drilled shafts are a commonly used deep foundation element, however can have many
potential issues during construction. Deficiencies typically seen are channeling, inclusions, and/or
mattressing (quilting) (Beckhaus, 2016). Mattressing is caused by laitance creases which form as
the concrete flows radially around the reinforcement/reinforcing cage. Previously, concrete was
thought to flow vertically in an even, uniform layer, however this was disproven by Deese and
Mullins. Radially flowing concrete is the cause of many slurry precipitated issues as it has the
ability to trap slurry around the reinforcement and/or against the shaft side walls.
Bentonite slurry can heighten these issues. Its use has been shown to affect all elements of
cast in place foundation performance including concrete to soil bond, corrosion protection, seal
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slab to pile bond, concrete cover strength, and integrity of the concrete. Thus, while it is disputed
by past research, it is a reasonable assumption that the reinforcement to concrete bond would be
similarly affected. Jones and Holt show the strongest results of a correlation, however concluded
that more research must be performed as they saw contradicting results and did not use or used
minimal transverse reinforcement.
FHWA states that no effects are seen from slurry placed concrete on reinforcement bar
bond, a statement which for bentonite is only supported by five poorly constructed pull-out tests,
three of which are not representative of tremie-placed, slurry-displaced concrete. In addition, none
of the current codes (ACI 318-14, ACI 408R-03, AASHTO 2017) mention a modification factor
for slurry use, however in each code there is an applied factor for epoxy use (a bar coating).
Curiously, ACI 408R-03 does discuss bar cleanliness and the need for reinforcement to be “free
of mud, oil, and other nonmetallic coatings that decrease bond strength” (ACI Committee 408,
2003). As it has been noted that slurry forms a coating/layer around the reinforcement, this could
be recognized as a ‘nonmetallic coating’ or even ‘mud’ when using bentonite slurry. The Florida
Department of Transportation (FDOT) requires all new slurry products to “demonstrate the bond
between the bar reinforcement and the concrete is not materially affected by exposure to the slurry
under typical construction conditions, over the typical range of slurry viscosities to be used”
(FDOT, 2018).
Previous research performed by Bowen (2013) displayed pictorially that a slurry coating
can be seen around the rebar for both polymer and bentonite slurries. Hence, while there may be
no current code modification, there is clearly an interaction occurring.
The information stated above shows a clear research gap where some codes at least
acknowledge bar cleanliness (under which slurry coated reinforcement could fall), others do not
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acknowledge slurry effects on reinforcement at all. It is further concerning that FDOT would
require such testing on new slurry products if slurry did not propose an issue to bond strength. This
dissertation focuses on the analysis of slurry effects on reinforcement bar bond where concrete is
tremie placed and slurry displaced.
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CHAPTER 3: TESTING APPROACH AND RECORDED DATA

This chapter details the testing methods used within this dissertation and initial results
found. In addition to the 18 shafts cast by Bowen (2013), whose results will be used in later
sections, 21 additional shafts were constructed in order to primarily evaluate slurry effects on
reinforcement bond strength. Additionally some specimens were cast with self-consolidating
concrete. The following sections include the construction methods used in constructing the shafts
and the concreting details such as the concrete mix, measured slump, and placement method.
Also outlined in this chapter is the testing procedure utilized. The testing method for this
dissertation was longitudinal reinforcing bar concrete bond strength testing, known as “pullout
testing”. The procedure for this method, along with a section on confirmative numerical modeling
and the tools and data collection apparatus used for testing will be described.
This chapter concludes by providing initial findings for the testing program. The
longitudinal reinforcing bar concrete bond strength (pullout capacity) found will be displayed for
each shaft along with calculated values such as the maximum and minimum capacity seen, average,
and standard deviation.
3.1 Casting of Test Specimens
This section details the construction of shafts 19 to 24, 31 to 36, 47 to 49, and 53 to 58.
The details include form construction, reinforcing cage layout, concreting details, and concrete
placement.
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3.1.1 General Form Construction
The concrete forms used for casting the test specimens were prepared similarly for all
concrete pours. First, collapsible children’s pools of 6ft diameter and 15in height were laid out in
the decided pour configuration as a means of slurry containment. This dimension was chosen as
the volume of the pools was large enough to hold almost all (to be) displaced slurry, providing
enough time for the extraction pump to prime and transport it to the slurry storage tank. Following
this, a 3/4in thick plywood sheet of 4ft by 4ft dimensions was carefully placed into the center of
each pool. Next, the steel forms for the external walls of the shafts were prepared. The steel forms
were fabricated using 18 gauge sheet steel rolled into a circular shape with angle iron welded to
the ends to lock the forms. The ends of the forms were locked using three C-clamps on the upper,
middle, and lower portions of the angles to form a circular shape. The dimensions of the enclosed
steel forms resulted in shafts of 42in diameter and 24in height in all cases. The clamped steel forms
were centered on the plywood.
Following form placement, a reinforcement cage, detailed in 3.1.2, was placed in the center
of the steel form. Within each form, 2x4in wood blocks with a 1in hole cut out were attached from
the cage to the form to aid in maintaining the circular nature of the forms and thus attaining the
desired clear cover spacing along the perimeter of the shaft. These blocks were necessary to ensure
proper clear cover was maintained during pouring operations.
To prevent fluid loss, silicone was used to seal the base of the steel forms to the plywood.
Silicone was placed on both the inside and outside of the form, as well as along the seal where the
angles were clamped together. Once the silicone was dry each form was tested to ensure that it
was water tight. Figures 3.1 and 3.2 depict the overall form set up.
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Figure 3.1 Forms set up prior to slurry and concrete placement.

Figure 3.2 The inside of the form prior to slurry and concrete placement.
3.1.2 Reinforcement Cage
The reinforcing cage described in this section is nearly identical to that of shafts 1 to 18,
previously cast by Bowen, aside from the varying bonded length. For construction, No.8
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reinforcement bars were used for the longitudinal steel and No.3 stirrups were used for transverse
steel. The cages were constructed to have 6in clear spacing for the longitudinal and transverse
steel, thus meeting the preferred tightest cage spacing criteria stated by the Florida Department of
Transportation (FDOT, 2018). The clear cover used was also 6in.
For cage construction the outer seven bars, which were used as structural reinforcement
and not for pullout testing, were spaced and attached to the inside of the steel stirrups using steel
tie-wire (Figure 3.3). The type of tie wire connection used was the quadruple-snap (Camilo BuilesMejia, et al., 2014). Next, two rings of non-structural 1/2in polyethylene pipe (PEX pipe) were
attached to the top and bottom hoops on the inside of the seven outer bars using plastic zip-ties.
Finally, the debonded pullout bars were inserted and attached using zip-ties on the interior of the
PEX pipe, this can also be seen in Figure 3.2. It should be noted that the steel stirrups did not come
in contact with the longitudinal steel to be tested for pullout capacity.

Figure 3.3 Outer seven longitudinal bars attached to the inside of the transverse reinforcement.
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The construction of the pullout specimens began by cutting to a length of 4ft in order to
accommodate the hydraulic ram and steel spacers used for testing. The bars were machined down
to 7/8in diameter on the top and subsequently threaded to provide a point of resistance for the
hydraulic ram during testing. Debonding on each bar was accomplished using 1in thin walled PVC
pipe sealed with tape on the upper 8inches and lower 10inches of embedment length, resulting in
a 6in bond length per bar (Figure 3.4).

Figure 3.4 The six inch debonded section of bar through the use of PVC pipe sections.
The 6in bonded length was determined by Bowen to be ideal for testing. For a deformed
No.8 bar the required development length according to ACI 318-14 is 47in (for 4,000psi concrete),
however given the size of the test shafts this dimension was unattainable. Bowen started with an
initial bonded length of 18in, however the pullout capacity was much higher than expected. He
then gradually decreased the bonded length, finding the ideal length to be 6in (Bowen, 2013).
Note: the 7/8in threaded ends on the 1in diameter bars resulted in a 60% reduction in bar area
affecting the available tensile force for testing.
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3.1.3 Slurry
For testing, varied slurry produces and viscosities were used. As some of the slurry
information is the proprietary property of the manufacturer, only basic descriptions have been
provided. All sets of test shafts cast after the initial 18 by Bowen include a water shaft as a control
for the set.
Two mineral slurries were used for testing: bentonite and attapulgite. The bentonite used
was a pure bentonite. The same product was used for all bentonite cast specimens. The same
attapulgite product was also used throughout the testing program. For polymer slurry, three
different manufacturers were tested. For comparison purposes the same amount of pullout bars
was prepared per manufacturer. Slurry viscosities were tested and recorded using the Marsh funnel
method described in 2.3.5 prior to and on the day of concreting.
3.1.4 Concreting
Per FDOT specifications, slurry was always placed in the forms the morning of concreting
no more than 8hrs before concreting (FDOT, 2018). All shafts were cast using tremie placement
to simulate field conditions.
3.1.4.1 Slump
At the beginning of each pour, a concrete slump/flow test was performed. Standard slump
test equipment was used for Class IV concrete and a wider base plate (spread board) was used for
SCC concrete to measure the spread. This section will discuss both test procedures.
3.1.4.1.1 Standard Slump Test
The standard slump test (ASTM C143) is administered by first attaching the slump cone to
a level base. The cone is then filled in three equal layers, with each layer being rodded 25 times.
The top layer is then leveled off so that it is flush with the top of the cone. The cone is then lifted
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carefully off the base (within 3 to 5 seconds) to allow the concrete to spread or ‘slump’. The
removed cone is then flipped upside-down and placed on the base. The slump of the concrete is
the measurement from the top of the ‘slumped’ concrete to the top of the cone. This process in
shown in Figure 3.5.

Figure 3.5 The phases of performing a standard slump test; from left to right: tamping 25 times
per layer, leveling the top of the cone, removing the cone to measure the slump value.
3.1.4.1.2 SCC Spread/Slump Test
The SCC slump is tested and measured in a different manner as SCC is highly fluid and
does not hold the shape of the cone once removed. For this test, the same slump cone is used,
however with a wider base plate (spread board). The slump cone is placed upside-down on the
base plate and then completely filled with fresh concrete (Figure 3.6). The cone is once more
carefully lifted allowing the concrete to spread (Figure 3.6). The diameter of the concrete is then
measured at two perpendicular locations and the average is recorded as the concrete spread.

Figure 3.6 SCC slump/spread test where the standard slump cone is filled upside-down (left), the
cone is lifted (center), and the diameter of the spread is measured (right).
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3.1.4.2 Cylinder Preparation
Following slump testing, 4in by 8in cylinders were prepared to evaluate the concrete
compressive strength. Preparation methods varied for Class IV concrete and SCC. Class IV
concrete cylinders were made in accordance with ASTM C192 by adding concrete in two layers,
rodding each layer 25 times, then leveling the concrete at the top, (Figure 3.7). SCC cylinders were
simply filled and leveled, (Figure 3.8).

Figure 3.7 A Class IV concrete cylinder post leveling.

Figure 3.8 SCC cylinder preparation: pouring the concrete into cylinders (left) and leveling the
tops (right).
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3.1.4.3 Concrete Mix
The previously constructed 18 shafts were all cast with Class IV concrete from Preferred
Materials, Inc. Five test shafts were constructed using self-consolidating concrete where two
providers were used, Preferred Materials, Inc. and Argos USA.
3.1.4.3.1 Shafts 19 to 22
Shafts 19 to 22 were cast with Class IV concrete from Preferred Materials, Inc. The primary
purpose of these samples was to test the pullout capacity of the second polymer manufacturer, thus
the concrete properties had to be comparable. The slump of this concrete was measured to be 8.5in
(Figure 3.9). Shaft properties can be found in Table 3.1.
Table 3.1 Slurry type, viscosity, concrete mix, and bonded length for shafts 19 to 22.
Shaft #
19
20
21
22

Concrete Mix

Slurry Type

Preferred Class
IV

Polymer 2
Polymer 2
Bentonite
Water

Marsh Funnel
Viscosity (sec/qt)
63
121
42
26

Figure 3.9 Measurement of 8.5in slump for shafts 19 to 22.
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Bonded
Length (in)
6
6
6
6

3.1.4.3.2 Shafts 23 to 24
Shafts 23 and 24 were cast at the same time as 19 to 22, however with Preferred SCC
instead of Class IV concrete. Table 3.2 shows the slurry type and viscosity for each cast shaft in
this pour and the previous Preferred SCC shafts. These shafts were cast prior to the purchasing of
proper spread testing equipment and thus a spread was not recorded for these specimens.
Table 3.2 Slurry type, viscosity, and concrete mix for shafts 23 to 24.
Shaft #

Concrete Mix

Slurry Type

23
24

Preferred SCC

Water
Bentonite

Marsh Funnel
Viscosity (sec/qt)
26
40

3.1.4.3.3 Shafts 31 to 36
Shafts 31 to 36 were cast with the same Class IV concrete from Preferred Materials, Inc.
as shafts 1 to 22. The purpose of these specimens was to test the varying viscosities of attapulgite
slurry in terms of concrete flow and pullout capacity so that this data could be compared to the
other slurry types. This pour also tested two more shafts using polymer manufacturer 2. The slump
of this concrete was determined to be 7in by the standard slump test; (Figure 3.10). Table 3.3
displays shaft details such as slurry type, viscosity, and bonded length.
Table 3.3 Slurry type, viscosity, concrete mix, and bonded length for shafts 31 to 36.
Shaft #
31
32
33
34
35
36

Concrete Mix

Slurry Type

Preferred Type
IV

Polymer 2
Water
PG Bentonite
Attapulgite
Attapulgite
Polymer 2
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Marsh Funnel
Viscosity (sec/qt)
98
26
39
39
200+
47

Bonded
Length (in)
6
6
6
6
6
6

Figure 3.10 Measurement of 7in slump for shafts 31 to 36.
3.1.4.3.4 Shafts 47 to 49
Test shafts 47 to 49 were cast with a different provider of SCC. The distributor selected
was Argos USA. Slurry conditions were kept close to the SCC shafts already cast. The spread of
this concrete was 28in, Figure 3.11. Shaft details can be found in Table 3.4.
Table 3.4 Slurry type, viscosity, concrete mix, and bonded length for shafts 47 to 52.
Shaft #
47
48
49

Concrete Mix

Slurry Type

Argos SCC

Water
PG Bentonite
PG Bentonite

Marsh Funnel
Viscosity (sec/qt)
26
39
31

Bonded
Length (in)
6
6
6

Figure 3.11 Measurement of spread for Argos SCC mix for shafts 47 to 52.
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3.1.4.3.5 Shafts 53 to 58
Test shafts 53 to 58 were cast to investigate a third polymer manufacturer. Thus to be
consistent Class IV concrete from Preferred Materials was used. The slump of this concrete was
measured to be 9in by the standard slump test; (Figure 3.12). Table 3.5 displays shaft details such
as slurry type, viscosity, and bonded length.
Table 3.5 Slurry type, viscosity, concrete mix, and bonded length for shafts 47 to 52.
Shaft #
53
54
55
56
57
58

Concrete Mix

Slurry Type

Preferred Class
IV

Polymer 3
Polymer 3
Polymer 3
Polymer 3
Bentonite
Water

Marsh Funnel
Viscosity (sec/qt)
49
58
120
85
40
26

Bonded
Length (in)
6
6
6
6
6
6

Figure 3.12 Measurement of 9in slump for shafts 53 to 58.
3.1.5 Concrete Placement
Once the concrete slump/spread was approved, the concreting process was initiated. For
each shaft the tremie pipe was prepared by capping the base with a metal plate, placing a plastic
bag over the plate/base of the tremie pipe, and taping to seal/hold the connection (Figure 3.13).
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The capped tremie pipe was then inserted into the center of the shaft and lowered to the bottom of
the form. Next the tremie pipe was filled with concrete from the chute. Once full, the tremie pipe
was slightly elevated allowing the concreting process to begin and displacing the slurry from the
shaft form (Figure 3.14). Once placement was completed the tops of the shafts were flattened and
labeled. Post concreting, the samples were allowed time to achieve at least three-quarters of their
design compressive strength before the steel forms were removed.

Figure 3.13 Tremie pipe preparation; placement of cap (left), covering of cap with plastic (center),
taping of plastic around (not to) tremie pipe (right).

Figure 3.14 Displacement of slurry through the concreting process.
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3.2 Testing
This section outlines the testing procedures performed. The first testing procedure outlined
is the process whereby the pullout bars were tested for capacity. A numerical model has been
included which was created to confirm the credibility of the method used to complete pullout tests.
3.2.1 Pullout Testing
ACI 408R-03 has four different pullout testing configurations defined: (a) the pullout
specimen, (b) the beam end specimen, (c) the beam anchorage specimen, and (d) the splice
specimen (ACI Committee 408, 2003). None of the given configurations were practical for the
specimens tested in this dissertation, therefore a combination of cases (a) and (b) (Figure 3.15),
was adopted to allow for a direct pullout of vertically cast specimens with debonded regions, case
(c) (Figure 3.15).

Figure 3.15 Pullout testing methods (a) pullout specimen and (b) beam end specimen and (c) the
pullout testing method for tremie placed specimens used in this study.
ACI 408R-03 notes case (a) to be the least realistic option as the stress fields produced
rarely match construction (ACI 408R-03, 2001). To reduce this effect, precautions were taken
during construction of the samples through the debonded regions. As discussed above, during
63

construction, the upper 8in and lower 10in of each pullout sample were debonded. Debonding of
the upper 8in of the bars was designed to reduce the effects of the jacking-induced compressive
stress seen at the surface (ACI 408R-03, 2001). This was confirmed through numerical modeling
to drastically reduce the compression stress in the bonded region. The lower debonded portion of
the bar allowed for adjustments in bonded length.
3.2.1.1 Numerical Model of Test Method
A numerical model was generated to confirm the reduction of compressive stresses in the
bonded region. This model was fabricated using Comsol 5.2a software. A general description and
build of the model is as follows: First the type of model was selected, a three-dimensional,
stationary structural model. Two models were generated for comparison, one with a 6in bond at
the top of the shaft followed by an 18in debonded region, and the other using an 8in debonded top
section followed by a 6in bond followed by a 10in debonded region, to simulate the test specimens.
Both models depict 42in diameter, 24in tall shafts with 7 equally spaced No.8 reinforcing bars.
Only the pullout bars were incorporated into the model, not the entire reinforcing cage
configuration. The other bars and transverse reinforcement were excluded as they do not have any
influence on the pullout bar stresses.
Debonding was achieved by leaving a small space (0.05in) around the bars. The fabricated
model can be seen in Figure 3.16 from multiple views. Note that the model shown has 8in and
10in debonded regions. The model was separated material wise into concrete and reinforcing steel.
Figure 3.17 shows the highlighted section representing concrete, and the highlighted bars selected
as reinforcing steel. Properties of the steel used for the pullout bars and of the concrete used for
the shaft can be found in Tables 3.6 and 3.7, respectively. Note a concrete compressive strength of
4ksi was used for this model.
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Figure 3.16 The generated model in Comsol 5.2a software.

Figure 3.17 Material properties for models: highlighted sections represent concrete (left) and steel
(right).
Table 3.6 Input material properties for reinforcing steel.
Property
Density
Young’s Modulus
Poisson’s Ratio

Value
7850 kg/m3
29,000 ksi
0.30
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Table 3.7 Input material properties for shaft concrete.
Property
Density
Young’s Modulus
Poisson’s Ratio

Value
2300 kg/m3
3,600 ksi
0.20

As seen in Figure 3.18 (left) cut planes were inserted to isolate an 8in by 8in square to
represent the equal and opposite force applied to the concrete by the loading jack. For ease of
modeling, loads were made input parameters as part of a parametric study, where the tip of the
tested reinforcing bar was P and the square region of concrete was loaded to –P (Figure 3.18).

Figure 3.18 Loading parameters of model: load applied at tip of reinforcement tested, P (left), load
applied to area concrete impacted by loading jack, -P (right).
The model was fixed on the side of the concrete walls, then a physics-controlled finer mesh
was applied. The model was then run at values of 10, 20, 30, 40, and 50 kips; (1kip = 1000lbf). A
side by side comparison of a 6in bond directly below the concrete surface versus debonding the
top 8in has been provided in Figure 3.19.
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Figure 3.19 The loading of each model at 10, 20, 30, 40, and 50 kips; the top 6in bonded (left), the
top 8in debonded (right).
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Figure 3.19 (Continued)
For modeling purposes 50kips assumed to be the greatest magnitude encountered. The
scales seen on the right side of the images in Figure 3.19 are identical for all, representing positive
2000psi to -1500psi, tension to compression, respectively, where zero is neutral. Thus, the darker
royal blue colors noted are the extreme end of the modeled compression scale. Note that the
compressive stress seen on the concrete from the loading jack is generated in the same region as
the tensile stress generated from the loading of the pullout bar when the 6in bond is next to the
concrete surface (case (a)) (Figure 3.20), versus an almost linear division of compressive and
tensile stresses when the bonded region is 8in below the concrete surface (Figure 3.21). Note
regions of tension and compression have been exaggerated to illustrate the stress fields.
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Figure 3.20 Zoomed in tension and compression fields for 6in bond at the top.
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Figure 3.21 Zoomed in tension and compression stress fields for reinforcing bar pullout test
method.
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Thus this modeling has confirmed that the proposed pullout test procedure combining cases
(a) and (b), is acceptable as the jacking-induced compressive stress seen is drastically reduced in
the bonded region when the upper 8in of the bar are debonded.
3.2.1.2 Pullout Testing Procedure
The procedure for pullout testing conducted on the first 18 shafts can be found in Bowen’s
thesis document (Bowen, 2013). The procedure used for all other specimens is almost identical
with subtle variances in the equipment. For pullouts conducted on the new shaft specimens, the
procedure and equipment used were as follows.
A 60ton capacity hollow-core hydraulic ram was placed over the bar to be tested and onto
lead plates used to level the concrete surface. An 8in diameter load cell was then placed over the
bar along with spacers and an upper steel plate. Double nuts at the top of the bar were used to
secure the loading assembly and distribute the load along the entire threaded region. A
displacement transducer was also attached to the side of the hydraulic ram to monitor movement.
This assembly is displayed in Figure 3.22. A manually operated hydraulic pump was used to
conduct pullout testing as it was able to apply a slow load rate of approximately 100lbs/sec.
Using a computerized data acquisition system, the load cell and displacement transducer
were monitored at a sampling rate of 10Hz, ensuring peak force would be captured (Figure 3.23).
Testing was only performed once the concrete reached a minimum compressive strength of 4ksi.
All testing was completed on the same day as cylinder compressive strength testing. In total,
including pullout specimens from Bowen’s testing, 268 tests were performed. This included 138
tests in mineral slurry, 82 in polymer slurry, and 47 in water.
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Figure 3.22 General assembly used for pullout testing: loading jack, load cell, steel plate, double
nuts, and a displacement transducer.

Figure 3.23 Testing of the pullout bars: as the bar is being loaded the computer is being monitored.
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3.3 Pullout Testing Initial Results
As detailed in above, pullout testing was performed only after the concrete reached the
desired compressive strength. Compressive strength testing was performed using 4in by 8in
concrete cylinders that were cast using the same concrete batched for the shafts. On the day of
pullout capacity testing, two concrete cylinders were tested; the average of the concrete
compressive strength results can be found in Table 3.8.
Table 3.8 Average concrete compressive strength determined from concrete test cylinders.
Shaft Grouping
19 to 22
23 to 24
31 to 36
31 to 36
47 to 52
53 to 58
53 to 58

Shaft Numbers
19 to 22
23, 24
31, 34 to 36
32, 33
47 to 49
53, 54
55 to 58

Average Compressive Strength (psi)
6,130
6,130
6,130
6,160
9,130
5,950
6,020

Results of the pullout strength testing have been divided by concrete placement date/shaft
grouping. Shafts 19 to 24, 31 to 36, 47 to 49, and 53 to 58 are shown below in Tables 3.9, 3.10,
3.11, and 3.12, respectively. In Tables 3.9 through 3.12, slurry type and viscosity are denoted by
the initial of the slurry type used during the casting process and by the measured viscosity (i.e. B,
P, W, A stands for bentonite, polymer, water, attapulgite, respectively). Results highlighted in red
indicate that the bar broke during testing, this can also be stated as a bar failure. At the bottom of
each table the maximum and minimum pullout capacity, along with the average and standard
deviation have been provided. It should be noted only 6 pullout bars per shaft were tested for shafts
47, 48, and 49.
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Table 3.9 Pullout data from shafts 19 to 24.
Class IV Concrete

Preferred SCC

Shaft 19
Shaft 20
Shaft 21
Shaft 22
Shaft 23
Shaft 24
P63
P121
B42
W26
W26
B40
Max Load Max Load Max Load Max Load Max Load Max Load
Bar #
(kips)
(kips)
(kips)
(kips)
(kips)
(kips)
1
26.47
9.57
19.91
32.17
57.22
15.07
2
24.24
19.40
20.80
29.54
44.20
23.26
3
20.34
23.52
18.31
22.52
44.57
29.87
4
17.53
17.13
19.22
27.05
53.50
17.69
5
17.71
18.05
20.31
27.99
56.39
23.73
6
21.26
25.90
20.26
21.83
52.29
16.47
7
18.74
21.32
26.36
24.70
49.59
17.21
Maximum
26.47
25.90
26.36
32.17
57.22
29.87
Minimum
17.53
9.57
18.31
21.83
44.2
15.07
Average
20.90
19.27
20.74
26.54
51.11
20.47
Standard
3.39
5.27
2.61
3.76
5.25
5.33
Deviation

Table 3.10 Pullout data from shafts 31 to 36.

Shaft 31
P98
Max Load
Bar #
(kips)
1
52.62
2
48.52
3
28.77
4
13.68
5
42.06
6
47.41
7
41.38
Maximum
52.62
Minimum
13.68
Average
39.21
Standard
13.59
Deviation

Shaft 32
W26
Max Load
(kips)
55.01
49.64
43.03
49.36
56.13
42.87
40.92
56.13
40.92
48.14
6.07

Class IV Concrete
Shaft 33
Shaft 34
B39
A39
Max Load Max Load
(kips)
(kips)
35
34.22
41.96
39.13
41.15
48.13
34.96
46.71
42.78
37.4
57.74
41.15
42.5
49.06
57.74
49.06
34.96
34.22
42.30
42.26
7.61
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5.77

Shaft 35
A200+
Max Load
(kips)
38.71
39.87
50.22
35.68
32.68
34.54
31.68
50.22
31.68
37.63

Shaft 36
P47
Max Load
(kips)
59.25
58.76
59.71
43.38
37.73
44.24
39.13
59.71
37.73
48.89

6.30

9.95

Table 3.11 Pullout data from shafts 47 to 49.

Bar #
1
2
3
4
5
6
Maximum
Minimum
Average
Standard
Deviation

Shaft 47
W26
Max Load
(kips)
27.82
48.17
46.65
51.26
55.11
55.11
27.82
45.80

Argos SCC
Shaft 48
B39
Max Load
(kips)
36.33
50.35
44.13
45.15
39.21
37.22
50.35
36.33
42.06

Shaft 49
B31
Max Load
(kips)
52.06
51.10
51.27
48.76
54.90
48.95
54.90
48.76
51.17

10.56

5.42

2.26

Table 3.12 Pullout data from shafts 53 to 58.

Bar #
1
2
3
4
5
6
7
Maximum
Minimum
Average
Standard
Deviation

Shaft 53
P49
Max Load
(kips)
56.60
54.05
56.22
50.41
45.59
54.05
56.60
45.59
52.82

Shaft 54
P58
Max Load
(kips)
59.05
48.49
36.17
50.67
49.55
57.10
56.80
59.05
36.17
51.12

4.17

7.79

Class IV Concrete
Shaft 55
Shaft 56
P120
P85
Max Load Max Load
(kips)
(kips)
45.88
48.58
44.24
48.66
36.97
49.59
33.91
49.28
37.78
47.53
47.18
42.36
46.01
51.58
47.18
51.58
33.91
42.36
41.71
48.23
5.34
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2.87

Shaft 57
B40
Max Load
(kips)
45.86
48.91
38.04
53.54
36.70
54.49
43.42
54.49
36.70
45.85

Shaft 58
W26
Max Load
(kips)
58.68
54.60
51.58
47.52
49.67
51.99
49.21
58.68
47.52
51.89

7.00

3.76

CHAPTER 4: ANALYSIS

This chapter details the methods of analysis used for the testing program. The predicted
pullout capacities were analyzed using two methods meant to confirm the findings, the level of
reliability and Monte Carlo. Using these analyses resistance factors were generated for all slurry
types aside from attapulgite in Class IV concrete in accordance with ACI 318-14 and ACI 408R03 as well as comments for AASHTO. Bentonite slurries were then examined by varying viscosity
groupings, the polymer slurries by manufacturer, and water versus bentonite in terms of SCC. SCC
and attapulgite slurry are also discussed separately in their respective sections.
4.1 Level of Reliability
This method of resistance factor determination uses the desired level of reliability
(reliability index) and an equation for the calculation of resistance factors. Details of this procedure
can be found in Chapter 2 under Darwin et al. 1998, however this section will present the general
calculation.
The equation used for resistance factor determination is:
𝑟𝑟̅

∅𝑏𝑏 = 𝑞𝑞� 𝑒𝑒

2
−�𝑉𝑉𝑟𝑟2 +𝑉𝑉∅𝑞𝑞
�

1/2

𝛽𝛽

(Eq. 13)

presented from Darwin et al. 1998. Where ∅𝑏𝑏 is the bond resistance factor, 𝑞𝑞� is the mean loading
random variable, Vφq is the loading coefficient of variation, 𝑟𝑟̅ is the mean resistance test-prediction
ratio, Vr is the resistance coefficient of variation, and β is the reliability index.

The calculation of the mean loading random variable and coefficient of variation have
previously been discussed using equations 11 and 12. Resistance variables (𝑟𝑟̅ and Vr) are the mean
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bias and coefficient of variation calculated using the pullout data. The desired reliability index is
3.5, which translates to a failure ratio of 1 in 4149. While this has been deemed a reasonable value,
the actual failure ratio of structural elements is far less.
4.2 Monte Carlo Simulation
A Monte Carlo simulation is a randomly generated probability model. In this dissertation,
Monte Carlo analyses were used to predict the probability of failure by generating one million
random values for both the load (Q) and resistance (R). The simulation used in this dissertation
works in the following manner.
Failure occurs when the resistance is less than the loading. The calculation of the amount
of failures is based upon the equation ∅𝑅𝑅𝑁𝑁 ≥ 𝑅𝑅𝑈𝑈 where 𝑅𝑅𝑁𝑁 is the nominal resistance and 𝑅𝑅𝑈𝑈 , the

factored load, is equivalent to 1.2𝐷𝐷𝐷𝐷 + 1.6𝐿𝐿𝐿𝐿. In this simulation the mean loading was considered
an input value, thus solving for the mean resistance using the following process.
∅𝑅𝑅𝑁𝑁 ≥ 𝑅𝑅𝑈𝑈

∅𝑅𝑅𝑁𝑁 = 1.2𝐷𝐷𝐷𝐷 + 1.6𝐿𝐿𝐿𝐿
∅

𝑅𝑅𝑁𝑁 =

𝑅𝑅
𝑟𝑟

𝑅𝑅
= 1.2𝐷𝐷𝐷𝐷 + 1.6𝐿𝐿𝐿𝐿
𝑟𝑟

𝑅𝑅 =

𝑟𝑟(1.2𝐷𝐷𝐷𝐷 + 1.6𝐿𝐿𝐿𝐿)
∅

𝑅𝑅� =

�����������������������
𝑟𝑟(1.2𝐷𝐷𝐷𝐷 + 1.6𝐿𝐿𝐿𝐿)
∅

The following equation gives the mean resistance:
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(Eq. 23)
(Eq. 24)

Here ∅ the strength reduction factor for the loading under consideration is equivalent to the

bond reduction factor. The variable r is the bias value for the resistance. This formulation was
derived from Darwin et al. 1998.
Now that a formula for mean resistance has been determined, it must be considered that
the load input is a mean value. This predicates a mean load factor (LF) must be used as well. For
this calculation a dead to live load ratio of 2 was used:
��
�� = 1.2𝐷𝐷𝐷𝐷+1.6𝐿𝐿𝐿𝐿 = 1.2(2)+1.6(1) = 4 = 1.33
𝐿𝐿𝐿𝐿
𝐷𝐷𝐷𝐷+𝐿𝐿𝐿𝐿
2+1
3

(Eq. 25)

Thus the final equation for mean resistance is then:

��������
𝑟𝑟(𝐿𝐿𝐿𝐿∗𝑄𝑄)
𝑅𝑅� =

(Eq. 26)

∅

With mean values for resistance and load determined the standard deviation can now be
calculated. The standard deviation is equivalent to mean value times the coefficient of variation.
For load, with a dead to live load ratio of 2 a 0.102 coefficient of variation (COV) stays constant
for all simulations. In terms of resistance, the same calculation is applied, however the COV
changes based on the data set under investigation (for this dissertation, the casting condition).
Considering the data follows a log normal distribution, the calculated mean and standard
deviation values for load and resistance were converted to fit a log normal distribution using the
following equations:
1

2
𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙,𝑄𝑄 = 𝑙𝑙𝑙𝑙𝜇𝜇𝑅𝑅,𝑄𝑄 − 2 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙,𝑄𝑄
𝜎𝜎

2

2
𝜎𝜎𝑙𝑙𝑛𝑛𝑛𝑛,𝑄𝑄
= ln �1 + �𝜇𝜇𝑅𝑅,𝑄𝑄 � �
𝑅𝑅,𝑄𝑄

(Eq. 27)
(Eq. 28)

where μ is equivalent to the mean and σ the standard deviation of either R or Q.
Now that all variables needed for the simulation have been established, the Monte Carlo
simulation can be generated in a few simple steps. In excel, establish columns for one hundred
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thousand generations of two random variables (X and Y, i.e. one for load and one for resistance).
Each column will have the same formulation to create random variables X and Y. For the creation
of a normal distribution the excel function is norminv, which requires the probability (the random
variable), mean (zero is used here), and standard deviation (one). The function in excel looks like
this: “=norminv(rand(),0,1)”.
To generate the random variable used for the failure ratio the standard deviation of the load
or resistance is now multiplied by X or Y, respectively, and added to the mean. While this is the
general formula, as stated above this data follows a log normal distribution and thus, the standard
deviation and mean used for this process are in log form, established from equations 27 and 28
above. To return the data to a normal distribution, the exponent of the randomly generated variable
for failure ratio was taken.
These two values were then compared so that if load was greater than the resistance, a
failure would occur. The failures were then totaled. Ten simulations were run per condition to
accumulate one million data points. To achieve the failure ratio the total amount of failures (of all
ten trials) was divided by one million, then the inverse was taken resulting in one in the amount of
failures calculated. An example of this sheet for further clarification can be found in Appendix A.
4.3 Analysis of Pullout Capacity Data
Interpretation of this data was performed in several stages using a statistical analysis.
Pullout results from the first 18 shafts cast by Bowen were included in this analysis. First the
predicted pullout capacity was calculated using Equations 7 and 18 from Chapter 2, representing
ACI 318-14 and ACI 408R-03. Note Equation 7 was rearranged to solve for bond force yielding
Equation 29:
𝑇𝑇𝑏𝑏 = 10.472∅𝑏𝑏 �𝑓𝑓𝑐𝑐′ �𝑐𝑐𝑏𝑏 +
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40𝐴𝐴𝑡𝑡𝑡𝑡
𝑠𝑠𝑠𝑠

� 𝑙𝑙𝑑𝑑

(Eq. 29)

The resistance factor for these calculations was taken to be 1.0. An example of this
calculation is shown below using data for shaft 34, variables can be found in Table 4.1.
Table 4.1 Variables for example.
ACI 318 and 408R-03
f’c
6130psi
ld
6in
Atr
0.11in2
n
1
ACI 318
cb
6in
s
6in
ACI 408R-03
cmin
3.25in
cmax
3.25in
Rr
0.07 1
db
1in
Ab
0.79in2
N
1

Example calculation for ACI 318-14 is:
𝑇𝑇𝑏𝑏 = 10.472∅𝑏𝑏 �𝑓𝑓𝑐𝑐′ �𝑐𝑐𝑏𝑏 +
𝑇𝑇𝑏𝑏 = 10.472(1)�6130𝑝𝑝𝑝𝑝𝑝𝑝 �6𝑖𝑖𝑖𝑖 +

Example calculation for ACI 408R-03 is:

40𝐴𝐴𝑡𝑡𝑡𝑡
� 𝑙𝑙𝑑𝑑
𝑠𝑠𝑠𝑠

40(0.11𝑖𝑖𝑛𝑛2 )
� 6𝑖𝑖𝑖𝑖 = 33124𝑙𝑙𝑙𝑙𝑙𝑙 = 33.12𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
6𝑖𝑖𝑖𝑖 ∗ 1

𝑇𝑇𝑏𝑏 = (𝑓𝑓𝑐𝑐′ )1/4 �[∅𝑏𝑏 59.9𝑙𝑙𝑑𝑑 (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 ) + ∅𝑏𝑏 2400𝐴𝐴𝑏𝑏 ] �0.1
+ �30.88𝑡𝑡𝑟𝑟 𝑡𝑡𝑑𝑑

1
𝑁𝑁𝐴𝐴𝑡𝑡𝑡𝑡
+ 3� 𝑓𝑓 ′ 2𝑐𝑐 �
𝑛𝑛

𝑡𝑡𝑟𝑟 = 9.6𝑅𝑅𝑟𝑟 + 0.28 = 0.952

1

(Darwin, Zuo, Tholen, & Idun, 1996)
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𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚
+ 0.9�
𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚

𝑡𝑡𝑑𝑑 = 0.78𝑑𝑑𝑏𝑏 + 0.22 = 1

𝑇𝑇𝑏𝑏 = (6130𝑝𝑝𝑝𝑝𝑝𝑝)1/4 ��(1)59.9(6𝑖𝑖𝑖𝑖)�3.25𝑖𝑖𝑖𝑖 + 0.5(1𝑖𝑖𝑖𝑖)� + (1)2400(0.79𝑖𝑖𝑛𝑛2 )� �0.1
+ 0.9� + �30.88(0.952)(1)
= 33.02𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

3.25𝑖𝑖𝑖𝑖
3.25𝑖𝑖𝑖𝑖

(1)(0.11𝑖𝑖𝑛𝑛2 )
+ 3� (6130𝑝𝑝𝑝𝑝𝑝𝑝)1⁄2 � = 33,020𝑙𝑙𝑙𝑙𝑙𝑙
1

Once the calculations were completed for all samples the results were then compared to
the measured values. This comparison can be seen in Figures 4.1 and 4.2. Generally, the mean
experimental values agreed with the predicted capacities. Given that most specimens had a similar
concrete strength and bond length, many of the predicted capacity values were similar, resulting
in vertical banding.
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Figure 4.1 Measured strength versus predicted strength for ACI 318-14.
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Figure 4.2 Measured strength versus predicted strength for ACI 408R-03.
Using the measured and predicted capacities, the bias (measured/predicted) for each
sample was found. This was then plotted against the Marsh funnel viscosity for ACI 318-14 and
ACI 408R-03, in Figures 4.3 and 4.4, respectively. The lines seen on Figures 4.3 and 4.4 indicate
the mean bias value per casting condition where ACI indicates dry conditions. A general trend can
be noted on both figures of decreasing bias and therefore pullout capacity with increasing slurry
viscosity. Similar to Figures 4.1 and 4.2, Figures 4.3 and 4.4 still demonstrate significant
variability, but now for a given viscosity.
With regards to slurry viscosity and soil type, higher viscosity slurry is requisite for more
porous, free flowing soil types, whereas lower viscosity slurry is appropriate for fine-grained, low
permeability soils. Thus while lower viscosity slurry, which is typically closer to the viscosity of
water, was seen to perform better in bond, it is not practical to restrict the use of higher viscosity
slurry. Hence, a statistical evaluation of slurry effects was performed. For this the data was divided
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up by slurry types of water, polymer, and bentonite. Attapulgite was excluded as there was not
enough data for an accurate analysis.

Figure 4.3 Bias versus slurry viscosity for ACI 318-14.

Figure 4.4 Bias versus slurry viscosity for ACI 408R-03.
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After finding the bias, the standard deviation and coefficient of variation were determined
for each slurry type. This information can be found in Table 4.2, the values for dry conditions were
taken as those for ACI 318 and ACI 408R-03 recorded in ACI 408R-03 (ACI Committee 408,
2003).
Table 4.2 Mean bias, standard deviation, and CoV values for various conditions using ACI 318
and ACI 408R-03.
Dry (ACI)
Water
ACI Eq.
318 408R-03 318 408R-03
1.23
1.00
1.28
1.30
Mean Bias (𝑟𝑟̅ )
Standard Deviation 0.30
0.12
0.32
0.32
CoV (Vr)
0.24
0.12
0.25
0.25

Bentonite
Polymer
318 408R-03 318 408R-03
0.84
0.91
1.15
1.13
0.27
0.25
0.39
0.40
0.32
0.27
0.34
0.35

Using the mean bias and standard deviation values shown in Table 4.2 log normal
probability density curves were generated for the two prediction methods (Figures 4.5 and 4.6).
Note that as stated above a resistance factor of 1 was used in these equations, so there is no
resistance factor effect seen in these probability density curves. A vertical line was placed at 1.0
to show the threshold where above or equal to 1.0 the measured capacity is generally acceptable,
however below 1.0 the measured capacity is unacceptable.
Also noted in the legends of Figures 4.5 and 4.6 are the current failure ratios for each
casting condition. In order to determine these failure ratios, Monte Carlo simulations were
conducted for each casting condition (water, bentonite, polymer, and dry). Failure ratios for ACI
318 ranged from 1:2.4 for bentonite slurry to 1:39.6 for natural slurry conditions, all of which can
be seen in Figure 4.5. For ACI 408R-03 failure ratios ranged from 1:3.6 for bentonite slurry to
1:45.3 for natural slurry conditions, Figure 4.6 states the others. It should be noted that the failure
ratio is not assigned on the basis of the fraction of bias below 1.0, but rather where the random
variations in load and strength result in a strength/load ratio below 1.0.
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Figure 4.5 Lognormal probability density curve for ACI 318.

Probability Density

3.5
3
2.5
2
1.5
1
0.5
0
0

0.5

Bentonite 1:3.6

1

1.5
Bias

Dry 1:30

2

Water 1:45.3

2.5

3

Polymer 1:6.4

Figure 4.6 Lognormal probability density curve for ACI 408R-03.
4.4 Resistance Factor Generation
4.4.1 ACI 318-14 and ACI 408R-03
Using the information in Table 4.2, the procedure outlined in Chapter 2 for the calculation
of bond resistance factors by Darwin et al. (1998) was followed. All parameters, aside from the
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mean bias and coefficient of variation (found in Table 4.2), used for Equations 11 to 13 are shown
in Table 4.3. Note that the dead load (DL) to live load (LL) ratio has three differently colored
values. The different colors correspond to the random loading variable (𝑞𝑞�) and coefficient of
variation for the random loading variable, as their value is dependent on the DL/LL ratio.

Table 4.3 Parameters used in Equation’s 11, 12, 13.
Load Factor, DL
Load Factor, LL
DL/LL Ratio
Reliability Index
Load Bias, DL
Load Bias, LL
Load CoV, DL
Load CoV, LL
𝑞𝑞�
Vφq

1.2
1.6
0.67, 1, 2
3.5
1.03
0.975
0.093
0.25
0.693, 0.716, 0.759
0.152, 0.131, 0.102

Resistance factors were first calculated for all DL/LL ratios, then the worst case was
selected, which happened to always correspond to a DL/LL ratio of 2, aside from the dry ACI
408R-03 condition where a DL/LL ratio of 0.67 controlled. The calculated bond resistance factors
are displayed in Table 4.4.
Table 4.4 Resistance factors for all casting conditions.
Slurry Type
ACI 318
ACI 408R-03

Water
0.666
0.677

Polymer
0.435
0.418

Bentonite
0.341
0.441

Dry
0.65
0.74

4.4.2 AASHTO
In terms of predicting capacity, only ACI 318-14 and ACI 408R-03 are examined to this
point of the dissertation. However, AASHTO load factors and other parameters are also examined
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given that they differ from ACI values. Thus, this process was performed using corresponding
AASHTO parameters as well. Parameters used for the calculation of AASHTO resistance factors
are found in Table 4.5. These values were used in the same equation(s) used to calculate the ACI
resistance factors, Equations 11 to 13. Again varying DL/LL ratios were calculated and the worst
case was chosen. The predominant worst case, exactly as above, was a DL/LL ratio of 2, aside
from dry conditions for ACI 408R-03 where the worst case was again a DL/LL ratio of 0.67. It
should be noted that the AASHTO development length equation is equivalent to the one found in
ACI 318-14. Thus, the predicted capacities are equivalent to the values calculated for ACI 318-14
above.
Table 4.5 AASHTO parameters.
Load Factor, DL
Load Factor, LL
DL/LL Ratio
Reliability Index
Load Bias, DL
Load Bias, LL
Load CoV, DL
Load CoV, LL

1.25
1.75
2
3.5
1.05
1.15
0.1
0.2

While the ACI and AASHTO load parameters vary rather significantly from one another
the results are strikingly similar. Table 4.6 displays the bond resistance factor calculated using
AASHTO variables. The only difference that can be noted in this table relates to ACI 408R-03
where the bond resistance factor increases from 0.74 to 0.75 using AASHTO factors.
Table 4.6 AASHTO bond resistance factors, ACI included for comparison purposes.
Parameters
AASHTO
ACI

ACI
318
408R-03
318
408R-03

Water
0.667
0.677
0.666
0.677
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Polymer
0.435
0.417
0.435
0.418

Bentonite
0.341
0.441
0.341
0.441

Dry
0.65
0.75
0.65
0.74

4.5 Resistance Factor Application
After calculating the bond resistance factors, they were applied to Equations 18 and 28 and
the predicted pullout capacities were recalculated resulting in new bias values. New probability
density curves were then generated which incorporated the new bond resistance factors, Figures
4.7 and 4.8. Monte Carlo simulations were performed once more to confirm the bond resistance
factors level of reliability. New failure ratios are noted in their respective figures, all over
performing the intended acceptable level of a 3.5 reliability index, which corresponds to a failure
ratio 1:4149.
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Figure 4.7 Lognormal probability density for ACI 318 after applying resistance factors.
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Figure 4.8 Lognormal probability density for ACI 408R-03 after applying resistance factors.
88

4.6 Splitting Failure Limitation
The analysis presented above suggests that the development length equations currently
have unacceptable failure ratios, and that these ratios can be decreased to an acceptable level of
reliability through the use of resistance factors. However, during the above analysis no limitation
was placed on the term (𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡 )/𝑑𝑑𝑏𝑏 , which is limited by ACI 318-14 to a value of 2.5 or less

and ACI 408R-03 to 4.0 or less “to prevent pullout failures” (ACI Committee 318, 2014; ACI
Committee 408, 2003).
4.6.1 ACI 318-14
To account for this limitation, parts of the analysis completed above were repeated for ACI
318-14 now with the 2.5 limitation placed on this term. Table 4.7 shows the recalculated bias,
standard deviation, and coefficient of variation for all casting conditions aside from dry. As the
data used for dry conditions was not available, dry conditions were not included in this analysis.
Notice the bias values significantly increase using this limitation.
Table 4.7 Mean bias, standard deviation, and CoV values for various conditions using ACI 31814 and the 2.5 limitation.

Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)

Water
3.46
0.85
0.25

Bentonite
2.26
0.72
0.32

Polymer
3.10
1.06
0.34

Monte Carlo simulations were again performed to see the failure ratio prior to a resistance
factor. Water casting conditions showed zero failures in one million trials, indicating that the 2.5
limit is more conservative than the target reliability index of 3.5 requires it to be. Bentonite and
polymer slurries gave a failure ratios of 1:1642 and 1:24390, respectively. While polymers failure
ratio is acceptable based on the target reliability index of 3.5, bentonites is not.
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Using the equation for the level of reliability and the values from Table 4.3, new resistance
factors were generated (Table 4.8). The calculated resistance factor for water indicates how
conservative the predicted capacity already is. Monte Carlo simulations were completed for
polymer and bentonite slurries, confirming that the use of the calculated resistance factors lead to
an acceptable level of reliability. From the calculated resistance factors it can be noted that water
casting conditions are 1.795 times more conservative than required and polymers are 1.171 times
more conservative.
Table 4.8 Resistance factors using 2.5 limitation.
Slurry Type
ACI 318-14, 2.5
limitation

Water

Polymer

Bentonite

1.795

1.171

0.919

4.6.2 ACI 408R-03
As stated above, for ACI 408R-03, the (𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡 )/𝑑𝑑𝑏𝑏 term is limited to 4.0 or less (ACI

Committee 408, 2003). In ACI 318-14, this term is fairly straightforward, where cb “is a factor
that represents the least of the side cover, the concrete cover to the bar or wire, or one-half the
center-to-center spacing of the bars or wires” (ACI Committee 318, 2014). Just as simple, 𝐾𝐾𝑡𝑡𝑡𝑡 =

40𝐴𝐴𝑡𝑡𝑡𝑡 /𝑠𝑠𝑠𝑠 and db is simply the diameter of the bar (ACI Committee 318, 2014). Considering this

term is kept in its (𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡 )/𝑑𝑑𝑏𝑏 form in the bond strength equation, limiting this value is fairly
easy. ACI 408R-03 provides more of a challenge. Aside from db, which is the same as defined

previously, c and Ktr are now defined as:
𝑐𝑐 = (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 )(0.1
𝐾𝐾𝑡𝑡𝑡𝑡 =

𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚
+ 0.9)
𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚

0.52𝑡𝑡𝑟𝑟 𝑡𝑡𝑑𝑑 𝐴𝐴𝑡𝑡𝑡𝑡
�𝑓𝑓𝑐𝑐′
𝑠𝑠𝑠𝑠
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Note ACI 318-14 references c as cb. This makes the limiting (𝑐𝑐 + 𝐾𝐾𝑡𝑡𝑡𝑡 )/𝑑𝑑𝑏𝑏 equation:
1

𝑑𝑑𝑏𝑏

𝑐𝑐

�(𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 ) �0.1 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.9� +
𝑚𝑚𝑚𝑚𝑚𝑚

0.52𝑡𝑡𝑟𝑟 𝑡𝑡𝑑𝑑 𝐴𝐴𝑡𝑡𝑡𝑡
𝑠𝑠𝑠𝑠

�𝑓𝑓𝑐𝑐′ � ≤ 4.0 (ACI Committee 408, 2003)

In order to limit this term for bond strength the following manipulation of Equation 18 was applied:
𝑇𝑇𝑏𝑏 = (𝑓𝑓𝑐𝑐′ )1/4 �[59.9𝑙𝑙𝑑𝑑 (𝑐𝑐𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 ) + 2400𝐴𝐴𝑏𝑏 ] �0.1
= (𝑓𝑓𝑐𝑐′ )1/4 �59.9𝑙𝑙𝑑𝑑 (𝑐𝑐𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 ) �0.1
+ 30.88𝑡𝑡𝑟𝑟 𝑡𝑡𝑑𝑑

𝑐𝑐𝑀𝑀
𝑁𝑁𝐴𝐴𝑡𝑡𝑡𝑡
+ 0.9� + �30.88𝑡𝑡𝑟𝑟 𝑡𝑡𝑑𝑑
+ 3� �𝑓𝑓𝑐𝑐′ �
𝑐𝑐𝑚𝑚
𝑛𝑛

𝑐𝑐𝑀𝑀
𝑐𝑐𝑀𝑀
+ 0.9� + 2400𝐴𝐴𝑏𝑏 �0.1
+ 0.9�
𝑐𝑐𝑚𝑚
𝑐𝑐𝑚𝑚

𝑁𝑁𝐴𝐴𝑡𝑡𝑡𝑡
�𝑓𝑓𝑐𝑐′ + 3�𝑓𝑓𝑐𝑐′ �
𝑛𝑛
𝑐𝑐

Substituting: 𝑁𝑁 = 𝑙𝑙𝑑𝑑 /𝑠𝑠, 𝑐𝑐 = (𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.5𝑑𝑑𝑏𝑏 )(0.1 𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚 + 0.9):
= (𝑓𝑓𝑐𝑐′ )1/4 �59.9𝑙𝑙𝑑𝑑 (𝑐𝑐) + 2400𝐴𝐴𝑏𝑏 �0.1

𝑚𝑚𝑚𝑚𝑚𝑚

𝑐𝑐𝑀𝑀
𝑙𝑙𝑑𝑑 𝐴𝐴𝑡𝑡𝑡𝑡
+ 0.9� + 59.9 �0.52𝑡𝑡𝑟𝑟 𝑡𝑡𝑑𝑑
�𝑓𝑓𝑐𝑐′ � + 3�𝑓𝑓𝑐𝑐′ �
𝑐𝑐𝑚𝑚
𝑠𝑠𝑠𝑠

Combining like terms and substituting in Ktr yields:

𝑇𝑇𝑏𝑏 = (𝑓𝑓𝑐𝑐′ )1/4 �59.9𝑙𝑙𝑑𝑑 (𝑐𝑐 + 𝐾𝐾𝑡𝑡𝑡𝑡 ) + 2400𝐴𝐴𝑏𝑏 �0.1

Last both sides must be divided by db:

𝑐𝑐𝑀𝑀
+ 0.9� + 3�𝑓𝑓𝑐𝑐′ �
𝑐𝑐𝑚𝑚

𝑐𝑐𝑀𝑀
𝑇𝑇𝑏𝑏 (𝑓𝑓𝑐𝑐′ )1/4
=
�59.9𝑙𝑙𝑑𝑑 (𝑐𝑐 + 𝐾𝐾𝑡𝑡𝑡𝑡 ) + 2400𝐴𝐴𝑏𝑏 �0.1
+ 0.9� + 3�𝑓𝑓𝑐𝑐′ �
𝑑𝑑𝑏𝑏
𝑑𝑑𝑏𝑏
𝑐𝑐𝑚𝑚

This finally forms Equation 30:

𝑇𝑇𝑏𝑏 =

𝑑𝑑𝑏𝑏 (𝑓𝑓𝑐𝑐′ )1/4 ��59.9𝑙𝑙𝑑𝑑

�

𝑐𝑐+𝐾𝐾𝑡𝑡𝑡𝑡
𝑑𝑑𝑏𝑏

�� + �

𝑐𝑐
2400𝐴𝐴𝑏𝑏 ∗�0.1 𝑚𝑚𝑚𝑚𝑚𝑚 +0.9�

𝑑𝑑𝑏𝑏

𝑐𝑐𝑚𝑚𝑚𝑚𝑚𝑚

�+�

3�𝑓𝑓𝑐𝑐′
𝑑𝑑𝑏𝑏

�� (Eq. 30)

After determining Equation 30, the 4.0 limitation was applied and the same analysis was
performed once more. The mean bias, standard deviation, and coefficient of variation for water,
bentonite, and polymer are noted in Table 4.9. Immediately it can be seen that the mean bias values
are not as inflated as those seen from ACI 318-14.
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Table 4.9 Mean bias, standard deviation, and CoV values for various conditions using ACI 408R03 and the 4.0 limitation.
Water
1.35
0.33
0.24

Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)

Bentonite
0.94
0.25
0.27

Polymer
1.18
0.41
0.35

First the level of reliability method to find resistance factors, again using the parameters
from Table 4.3, was applied. Resistance factors found are shown in Table 4.10. The calculated
resistance factors using the 4.0 limitation are not nearly as conservative as what is observed with
the ACI 318-14 2.5 limitation.
Table 4.10 Resistance factors using 4.0 limitation.
Slurry Type
ACI 408R-03,
4.0 limitation

Water

Bentonite

Polymer

0.707

0.449

0.434

Monte Carlo simulations were run pre and post resistance factor to generate the amount of
failures. Results confirmed that the limiting factor for ACI 408R-03 makes the equation only
mildly more conservative as water showed a failure ratio of 1 in 28, bentonite 1 in 3.8, and polymer
1 in 3.8. Using the calculated resistance factors in Table 4.10 yields improved failure ratios of 1 in
4484, 1 in 4673, and 1 in 5291 for water, bentonite, and polymer, respectively.
4.7 Bentonite Viscosity Ranges
In the above analysis all bentonite samples were averaged. In this portion, the samples were
divided into their respective viscosity categories. The categories were 30 to 40sec/qt, 40 to
50sec/qt, 50 to 70sec/qt, and 90sec/qt +. Viscosities were separated this way as FDOT only allows
bentonite viscosities in the range of 30 to 40sec/qt for drilling, however other states varying upper
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viscosity limits (FDOT, 2018). The last two categories were divided based on sample size and
available data.
The analysis presented in the above sections was performed (the reliability index method
and Monte Carlo simulations), now for samples placed in their respective viscosity groupings.
Tables 4.11 and 4.12 display the mean bias, standard deviation, coefficient of variation, initial
failure ratios, determined resistance factors, and final failure ratios for ACI 318-14 without and
with the splitting failure limitation, respectively.
Table 4.11 Statistical information and results from analysis for ACI 318-14 with no limitation for
bentonite viscosity ranges.
Bentonite Viscosity (sec/qt)
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

30 to 40
1.03
0.22
0.21
1 in 10
0.596
1 in 4219

40 to 50
0.85
0.32
0.38
1 in 2.3
0.283
1 in 4202

50 to 70
0.70
0.11
0.16
1 in 1.5
0.47
1 in 6098

90+
0.71
0.19
0.27
1 in 1.6
0.346
1 in 4329

Table 4.12 Statistical information and results from analysis for ACI 318-14 with 2.5 limitation for
bentonite viscosity ranges.
Bentonite Viscosity (sec/qt)
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

30 to 40
2.77
0.58
0.21
0 in 1000000
1.606
1 in 4310

40 to 50
2.29
0.87
0.38
1 in 349
0.763
1 in 4219

50 to 70
1.89
0.30
0.16
1 in 1000000
1.288
1 in 5236

90+
1.91
0.51
0.27
1 in 1715
0.932
1 in 4329

As expected, without the splitting failure limitation, all specimens need the use of a
resistance factor to reach the desired reliability, however it can be seen that bentonite viscosities
of 30 to 40sec/qt provide a resistance factor of almost double what was generated for overall
viscosities, (0.341), thus notably performing better. When assessing the mean bias per viscosity
grouping of Table 4.11 and comparing it with the generated value for all viscosities in Table 4.2 it
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can be seen that 30 to 40sec/qt and 40 to 50sec/qt fall above the mean bias for all viscosities (0.84),
versus 50 to 70sec/qt and 90sec/qt + which are below. While it would seem fitting for the trend of
better to worse to follow throughout, this is not the case. The primary reason behind this being the
coefficient of variation. For viscosities from 40 to 50sec/qt the calculated coefficient of variation
was 0.38, which is higher than all of the others. This value indicates that this data is prone to more
scatter, as also evident by the highest standard deviation of all groupings. Thus, when calculating
a resistance factor or failure ratio this heavily impacts the performance. It should also be noted,
that the sample size of this viscosity range is the highest, which can have an influence on this as
well (more data can equal more scatter, but also be more realistic).
The same result is found when the 2.5 limitation is used, however this is much more critical.
With a 2.5 limitation, the calculated resistance factor is still 0.763 for 40 to 50sec/qt. The only
other viscosity range not meeting the desired reliability index was 90sec/qt + which gave a
resistance factor of 0.932. However, viscosity ranges 30 to 40sec/qt and 50 to 70sec/qt provided
adequate or conservative resistance factors of 1.606 and 1.288, respectively. Note: computed
resistance values greater than 1.0 are generally capped at 1.0.
To keep consistent the same analysis was again performed, now for ACI 408R-03
conditions. All statistical information and results from the reliability index method and Monte
Carlo simulations can be found in Tables 4.13 and 4.14, without and with the splitting failure
limitation, respectively.
The same predicament occurs where the standard deviation and coefficient of variation are
much higher for bentonite viscosity range of 40 to 50sec/qt, however the difference is not as drastic
for ACI 408R-03. Overall, the calculated resistance factor values seem to scatter above or below
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the generated value for all viscosities presented above, this applies for both with and without the
limitation.
Table 4.13 Statistical information and results from analysis for ACI 408R-03 with no limitation
for bentonite viscosity ranges.
Bentonite Viscosity (sec/qt)
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

30 to 40
1.00
0.23
0.23
1 in 6.9
0.544
1 in 4255

40 to 50
0.97
0.29
0.30
1 in 4.1
0.420
1 in 4237

50 to 70
0.74
0.15
0.21
1 in 1.8
0.432
1 in 4310

90+
0.89
0.17
0.19
1 in 4.4
0.553
1 in 4831

Table 4.14 Statistical information and results from analysis for ACI 408R-03 with 4.0 limitation
for bentonite viscosity ranges.
Bentonite Viscosity (sec/qt)
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

30 to 40
1.04
0.24
0.23
1 in 8.7
0.560
1 in 4255

40 to 50
0.99
0.30
0.30
1 in 4.5
0.426
1 in 4444

50 to 70
0.76
0.15
0.20
1 in 2.0
0.454
1 in 4630

90+
0.90
0.17
0.19
1 in 5.0
0.567
1 in 4739

For this set of data the sample count was 28, 35, 21, and 21, for ranges 30 to 40sec/qt, 40
to 50sec/qt, 50 to 70sec/qt, and 90sec/qt +, respectively. As a sample size for analysis is typically
taken as 30, only one category of this data fulfills this guideline.
4.8 Varying Polymer Manufacturers
During the course of the testing for this dissertation three polymer manufacturers were
examined. As company names are confidential, they have been labeled 1, 2, and 3, consistent with
previously stated polymers 1, 2, and 3 in chapter 3. Currently polymer performance can vary
heavily on manufacturer, as there can be many varying properties. The testing results presented
here confirm the variability seen in the industry. By first considering ACI 318-14, with no
limitation, all statistical data and failure ratios have been noted in Table 4.15. Looking primarily
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at the mean bias and coefficient of variation, each polymer manufacturer is slightly different.
Polymer 1 seems to best represent the “average”, in relation, polymer 2 keeps a similar mean bias,
but has a coefficient of variation more than double that of polymer 1, and polymer 3 has a smaller
coefficient of variation than polymer 1 and also has a much higher mean bias. From polymer
manufacturer 1 to 3 the initial failure ratios are 1 in 7.8, 1 in 2.7, and 1 in 30303, respectively. The
resistance factors calculated are 0.557, 0.232, and 1.068 for 1, 2, and 3, respectively, corresponding
to massive performance gaps.
Table 4.15 Statistical information and results from analysis for ACI 318-14 with no limitation for
polymers 1 to 3.
Polymer Manufacturer
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

1
1.01
0.23
0.23
1 in 7.8
0.557
1 in 4425

2
0.97
0.46
0.48
1 in 2.7
0.232
1 in 4545

3
1.48
0.20
0.14
1 in 30303
1.068
1 in 5917

When analyzing this data included the splitting failure limitation (Table 4.16), the same
general trends are noted between mean bias and coefficient of variation. This critical aspect seen
in Table 4.16 is the initial failure ratio. While polymers 1 and 3 yield zero failures in one million
trials polymer 2 shows a 1 in 155 failure ratio. Thus, the 2.5 limitation does not make this product
conservative enough to achieve a 3.5 reliability index on its own.
Table 4.16 Statistical information and results from analysis for ACI 318-14 with a 2.5 limitation
for polymers 1 to 3.
Polymer Manufacturer
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

1
2.73
0.62
0.23
0 in 1000000
1.501
1 in 4587
96

2
2.61
1.24
0.48
1 in 155
0.625
1 in 4202

3
3.98
0.55
0.14
0 in 1000000
2.876
1 in 5780

For ACI 408R-03 the same analysis was again prepared, the results can be found in Tables
4.17 and 4.18 for values without and with a limitation, respectively. The results were very similar
to ACI 318-14 where polymer 3 performed best, followed by polymer 1 and lastly polymer 2.
Table 4.17 Statistical information and results from analysis for ACI 408R-03 without limitation
for polymers 1 to 3.
Polymer Manufacturer
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

1
0.96
0.22
0.22
1 in 5.8
0.535
1 in 4854

2
0.97
0.46
0.48
1 in 2.7
0.233
1 in 4566

3
1.47
0.20
0.14
1 in 18182
1.062
1 in 6494

Table 4.18 Statistical information and results from analysis for ACI 408R-03 with 4.0 limitation
for polymers 1 to 3.
Polymer Manufacturer
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

1
1.00
0.22
0.22
1 in 7.4
0.556
1 in 4608

2
1.02
0.48
0.48
1 in 3.0
0.243
1 in 4149

3
1.54
0.21
0.14
1 in 100000
1.111
1 in 5682

4.9 Attapulgite
While initially the intention was to use attapulgite data to generate a mineral slurry factor,
this data did not follow the trends noted with bentonite slurry. A data analysis has been performed
(Table 4.19), however considering the sample size is only 14, more testing should be performed
to have a better understanding of attapulgites performance. Based on the information provided in
Table 4.19, it can be seen that attapulgite performs quite well. When the ACI 318-14 2.5 limitation
is applied the level of conservancy is above that calculated for water, which could be misleading.
One possible element that may change greatly with a large sample size is the coefficient of
variation, determined for all cases to be a value of 0.16, this is a relatively small value. As more
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data is accumulated there may be more scatter, possibly raising the coefficient of variation and
lowering the calculated resistance factors.
Table 4.19 Statistical information and results from analysis for ACI 318-14 and ACI 408R-03 for
attapulgite.

Limitation
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

ACI 318-14
None
2.5
1.21
3.25
0.19
0.51
0.16
0.16
1 in 180
0 in 1000000
0.827
2.22
1 in 5618
1 in 5618

ACI 408R-03
None
4.0
1.21
1.26
0.19
0.20
0.16
0.16
1 in 179
1 in 370
0.827
0.865
1 in 5650
1 in 5263

4.10 Self-Consolidating Concrete
As with attapulgite, the sample size for self-consolidating concrete is only 12 and 19 for
water and bentonite, respectively, and therefore this analysis should be viewed as preliminary.
While here the same size is small, it provides insights to a potential issue between bentonite slurry
and SCC. Note the viscosity range for the bentonite slurry evaluated is 31 to 42sec/qt. With regards
to ACI 318-14 Tables 4.20 and 4.21 provide data without and with the limitation. While in both
circumstances SCC water seems to outperform Class IV water specimens, SCC bentonite is
underperforming. Under the 2.5 limitation, bentonite in SCC still provides a failure ratio of 1 in
42, generating a resistance factor of 0.56 to reach the desired 3.5 reliability index. SCC water
however proves to be extremely conservative generating a resistance factor of 2.151.
Table 4.20 Statistical information and results for ACI 318-14 without limitation for SCC.
Slurry
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

Water
1.37
0.29
0.21
1 in 185
0.799
1 in 4237
98

Bentonite
0.63
0.24
0.38
1 in 1.4
0.208
1 in 4115

Table 4.21 Statistical information and results for ACI 318-14 with limitation for SCC.
Slurry
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

Water
3.70
0.78
0.21
0 in 1000000
2.151
1 in 4405

Bentonite
1.70
0.66
0.38
1 in 42
0.560
1 in 4149

In terms of ACI 408R-03, Tables 4.22 and 4.23 provide the analysis data generated. The
same general trends are seen, where SCC water out performed Class IV water casting conditions
and SCC bentonite underperforms, for both cases. Resistance factors generated without a
limitation were 0.878 and 0.329 for water and bentonite and with a limitation were 0.933 and
0.333, respectively.
Table 4.22 Statistical information and results for ACI 408R-03 without limitation for SCC.
Slurry
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

Water
1.41
0.27
0.19
1 in 575
0.878
1 in 5263

Bentonite
0.82
0.27
0.32
1 in 2.2
0.329
1 in 4329

Table 4.23 Statistical information and results for ACI 408R-03 with limitation for SCC.
Slurry
Mean Bias (𝑟𝑟̅ )
Standard Deviation
CoV (Vr)
Initial Failure Ratio
Resistance Factor (RF)
RF Failure Ratio

Water
1.48
0.27
0.19
1 in 1453
0.933
1 in 5556
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Bentonite
0.85
0.28
0.33
1 in 2.4
0.333
1 in 4167

CHAPTER 5: RECOMMENDATIONS AND CONCLUSIONS

The surface condition of the reinforcement bars is known to have an impact on pullout
capacities as ACI 318-14, ACI 408R-03, and AASHTO equations for development length all
provide modification factors for epoxy coated bars, ranging from 1.2 to 1.5 depending on the cage
spacing and the cover dimensions. ACI 408R-03 explicitly discusses reinforcement surface
condition, specifically bar cleanliness and epoxy coatings. Under bar cleanliness ACI 408R-03
states, “To prevent a reduction in the bond strength, ACI 318 requires that reinforcement must be
free of mud, oil, and other nonmetallic coatings that decrease bond strength” (ACI Committee
408, 2003). However while this is stated, the only modification factors noted are for epoxy coating,
with none stated for drilling fluid which can leave a coating or residue on the reinforcement (Figure
5.1).

Figure 5.1 Bentonite coating on reinforcement and trapped around tie-wire.
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Even under ideal concrete flow conditions, slurry becomes trapped along the topside of
deformed rebar (Jones and Holt, 2004). However, in tremie placed conditions the concrete flow is
far from ideal as the concrete flows radially around the reinforcement, further encapsulating a layer
of slurry on the bars and forming laitance creases. Ignoring the already accepted issues associated
with concrete flow and cover, these laitance creases also cause a reduction in pullout capacity.
Given that a decrease in pullout capacity has been found for bentonite and polymer casting
conditions when compared to water (control), this chapter discusses the recommendation of a
slurry modification factor similar to that currently in place for epoxy coated bars. Recommended
slurry modification factors are proposed based on the results of all data collected, and not by
viscosity (for bentonite) or manufacturer (for polymer), as seen in Chapter 4.
5.1 Considerations for ACI 318-14
Based on the data analyzed, it is apparent that there is a decrease in reinforcement bond
capacity and increase in data variability when slurry is present. There were two methodologies for
ACI 318 that involved using or ignoring the (𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡 )/𝑑𝑑𝑏𝑏 term limitation. If the limitation was

not used, resistance factors must be used to attain the desired reliability index of 3.5 for all casting
conditions, Table 5.1. Recall that ∅𝑑𝑑 is used for development length and ∅𝑏𝑏 for bond strength as
presented by Darwin et al. 1998, Chapter 2.

Table 5.1 Effective strength reduction factor for all casting conditions for ACI 318-14 (no 2.5
limit).
Slurry Type
∅𝑑𝑑

Water
0.74

Polymer
0.48

Bentonite
0.37

Dry
0.72

When incorporating the (𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡 )/𝑑𝑑𝑏𝑏 term limitation (of 2.5) and applying the same

resistance factor concept, it was found that calculated values for water casting conditions (used as
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the control because data for dry conditions was unavailable) are exceedingly conservative, yielding
a resistance factor of 1.795, negating the need for a resistance factor. Polymer slurries on average
also proved to be more conservative than necessary, with a resistance factor of 1.171 and failure
ratio of 1 in 24390. However, while water and polymer slurries were conservative, bentonite
casting conditions were found to be below the acceptable level of reliability with a failure ratio of
1:1642 and resistance factor of 0.919. A visual depiction of the associated levels of conservatism
is seen in Figure 5.2 which displays the Monte Carlo simulations for water, bentonite, and polymer;
where anything below the 1:1 line dictates a failure.

Figure 5.2 From left to right: water, polymer, and bentonite Monte Carlo simulations using the 2.5
limit.
Bentonite slurry is most concerning as it does not meet the desired level of reliability,
however there is a significant gap between the level of conservatism found for water conditions
and that determined for polymer slurry. In order to produce the same level of conservatism, and
thus reliability, for all casting conditions, development length modification factors (𝛹𝛹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) were
developed through the resistance factors determined from the level of reliability method and Monte
Carlo simulations and an alternate method using Equation 7 where 𝛹𝛹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑙𝑙𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⁄𝑙𝑙𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑
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(Equation 30) which then further simplifies to ∅𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑 / ∅𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 , shown below where x is all
variables aside from ∅𝑑𝑑 .

𝑙𝑙𝑑𝑑 = �
Thus,

𝑓𝑓𝑦𝑦
3
𝛹𝛹𝑡𝑡 𝛹𝛹𝑒𝑒 𝛹𝛹𝑠𝑠
� 𝑑𝑑 = 𝑥𝑥/∅𝑑𝑑
40 𝜆𝜆∅𝑑𝑑 �𝑓𝑓𝑐𝑐′ �𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡 � 𝑏𝑏
𝑑𝑑𝑏𝑏

𝑙𝑙𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑙𝑙𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑

=

𝑥𝑥/∅𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑥𝑥/∅𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑

∅𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑

=∅

𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

(Eq. 31)

While Equation 31 states for ∅𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑 to be used as the control, for the data generated utilizing

the splitting failure limitation, natural slurry (water) conditions were used as no dry data was

available. To make the level of conservatism equivalent, slurry modification factors were
generated for both bentonite and polymer slurries of 1.95 (1.975/0.919) and 1.53 (1.975/1.171),
respectively.
Without using the limitation, the initial resistance factors found in Table 4.4, produce slurry
modification factors of 0.97, 1.90, and 1.49 for water, bentonite, and polymer, respectively in
relation to dry conditions. In order to achieve the desired level of reliability with no (𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡 )/𝑑𝑑𝑏𝑏

limitation, the slurry modification factor must be used in conjunction with the resistance factor for
dry conditions. Otherwise, the modification factor can be disregarded and the resistance factor for
the specific casting condition from Table 4.4 may be used.
Interestingly, using two different equation conditions yielded almost identical slurry
modification factors. The small difference is most likely due to the change in control conditions.
When the same resistance factor ratio (∅𝑑𝑑𝑑𝑑𝑑𝑑 / ∅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) is used, and the dry factor is replaced by
that for water, the slurry modification factors for bentonite and polymer become 1.95 and 1.53,

respectively, identical to that found when utilizing the splitting failure limitation. Thus, if these
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values were to be compared using dry conditions instead of water, a subtle decrease in the
modification value would be expected, based on this data.
It should be noted, that the resistance factors were calculated using the worst case limitation
value of 2.5. ACI 318-14 provides a table with a simplified equations (Table 2.2) where the (𝑐𝑐𝑏𝑏 +

𝐾𝐾𝑡𝑡𝑡𝑡 )/𝑑𝑑𝑏𝑏 term is set to either 1.5 or 1 depending on the spacing and cover conditions. When a
value of 1.5 or 1 is used all casting conditions meet the failure ratio of 0:1000000 except for

bentonite slurry that results in a 1:1000000 failure ratio for a value of 1.5.
5.2 Considerations for ACI 408R-03
While analyzed similarly, there is quite a discrepancy between ACI 318-14 and ACI 408R03 in how the limitation impacts reliability. While using the (𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡 )/𝑑𝑑𝑏𝑏 limitation for ACI 31814 makes the reliability overly conservative, the same limitation for ACI 408R-03 does not have

this effect. Only when resistance factors were calculated for bias values utilizing the 4.0 limitation
and applied to the test data did the failure ratios meet the desired reliability index. Thus, when
using or disregarding the limitation for splitting failure, for ACI 408R-03 a resistance factor must
be used. Table 5.2 shows bond resistance factors that may be used for various values of this
limitation, dry conditions have been excluded.
Table 5.2 Bond resistance factors (∅𝑏𝑏 ) for varying casting conditions for various limitation values.
Limitation Applied
None
4.0
2.5
1.5
1.0

Water
0.677
0.707
0.826
0.923
0.976

Bentonite
0.441
0.449
0.547
0.624
0.660

Polymer
0.418
0.434
0.512
0.581
0.624

ACI 408R-03 recommends using a value of 0.82 for ∅𝑑𝑑 based on ∅𝑏𝑏 /0.9 and applies this

to Equation 20. While utilizing individual resistance factors as noted in Table 5.2 is one method
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of attaining the desired level of reliability, slurry modification factors could alternatively be used
in conjunction with the 0.82 resistance factor (i.e. Equation 20). Due to the formulation of Equation
20, the simple resistance factor ratio used for ACI 318-14 is not applicable. Thus instead Table 5.3
was formed computing the development length multiplier (𝑙𝑙𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ⁄𝑙𝑙𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑 ) for water, bentonite,

and polymer slurries based on concrete compressive strength. This table was generated using
resistance factors generated with no (𝑐𝑐𝑏𝑏 + 𝐾𝐾𝑡𝑡𝑡𝑡 )/𝑑𝑑𝑏𝑏 limitation, however slurry factors stay the same

regardless of the limitation used. Water conditions show a general multiplier of 1.1, which can be
applied to all concrete strengths, however bentonite and polymer slurries range from 1.9 to 2.0 and
2.0 to 2.1, respectively as concrete strength rises. The use of these proposed slurry modification
factors will allow slurry coated reinforcement to achieve the desired level of reliability.
Table 5.3 Development length multipliers for ACI 408R-03.
f’c (psi)
3000
4000
5000
6000
8000
10000

Water
1.1
1.1
1.1
1.1
1.1
1.1

Bentonite
1.9
1.9
1.9
1.9
2.0
2.0

Polymer
2.0
2.0
2.1
2.1
2.1
2.1

5.3 Conclusions
The following conclusions have been made from this dissertation:
•

In general, bentonite and polymer slurries do not provide the same level of
conservatism as natural slurry (or dry conditions) for longitudinal reinforcing bar
concrete bond strength. When using ACI 318-14 as written with a splitting failure
limitation, polymer slurry at least averages a reliability above what is desired, while
bentonite slurry does not. Thus, this dissertation proposes the incorporation of a slurry
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modification factor to the current development length equation to allow for equal levels
of conservatism among casting conditions and to ensure that bentonite slurry shafts
reach their desired level of reliability.
•

If not using the splitting failure limitation with ACI 318-14, the designer has two
equivalent options: (1) to use the generated resistance factor for dry conditions and a
slurry modification factor or (2) to only apply the resistance factor generated for the
casting condition being used.

•

ACI 408R-03, which has not yet been adopted, must always use a resistance factor and
thus is similar to ACI 318-14 without limitations. The bond resistance factors generated
for each casting condition and varying limitation values (Table 5.2) can be used, or
Equation 20, which incorporates the dry resistance factor, may be used with a slurry
modification factor correlating with the concrete strength to be utilized (Table 5.3).

5.4 Recommendations for Future Work
With a growing database of results, the resistance factors generated by this dissertation will
only become more accurate. Further testing is recommended for attapulgite slurry with a viscosity
range between 30 and 40sec/qt, for bentonite and natural slurry utilizing SCC (from varying
distributors), and for bentonite slurry in Class IV concrete to provide an equal sample size for all
viscosity groupings and possibly further delineating the viscosity at which bentonite becomes
unacceptable.
Another aspect of this work which requires further study is the current splitting failure
design limitation in ACI 318-14. While it is clear that this stems from the work of Orangun, et al.
1975, the findings of this dissertation align much more closely with their predicted capacities when
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not using this limitation. Further, this limitation makes development length overly conservative.
Thus a re-evaluation of the splitting failure design limitation should be performed.
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APPENDIX A: MONTE CARLO

An example calculation of the Monte Carlo analysis performed is displayed here. Using
the calculations for water (ACI 318-14 prediction, Table A.1) the example is as follows.
Table A.1 Mean bias, coefficient of variation (CoV), and calculated resistance factor for example.
Water
Mean Bias (𝑟𝑟̅ )

1.21

CoV (Vr)

0.25

Calculated ∅

0.61

𝑄𝑄� = 1, 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝜎𝜎𝑄𝑄 = 𝑄𝑄� ∗ 𝑉𝑉𝑄𝑄 = 1 ∗ 0.102 = 0.102

𝑅𝑅� =

�������������
𝑟𝑟(𝐿𝐿𝐿𝐿
∗ 𝑄𝑄) 1.21(1.33 ∗ 1)
=
= 2.64
∅
0.61

𝜎𝜎𝑅𝑅 = 𝑅𝑅� ∗ 𝑉𝑉𝑟𝑟 = 2.64 ∗ 0.25 = 0.66

The mean load and resistance along with the respective standard deviations are then
converted to lognormal.
Example calculation for load, Q:
2
𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙

2

𝜎𝜎𝑄𝑄
0.102 2
= 𝑙𝑙𝑙𝑙 �1 + � � � = ln �1 + �
� � = 0.10
𝜇𝜇𝑄𝑄
1

1 2
1
𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑙𝑙𝑙𝑙𝜇𝜇𝑄𝑄 − 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙
= 𝑙𝑙𝑙𝑙(1) − (0.10)2 = −0.005
2
2
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Example calculation for resistance, R:
2
𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙

𝜎𝜎𝑅𝑅 2
0.66 2
= 𝑙𝑙𝑙𝑙 �1 + � � � = ln �1 + �
� � = 0.25
𝜇𝜇𝑅𝑅
2.64

1 2
1
𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 = 𝑙𝑙𝑙𝑙𝜇𝜇𝑅𝑅 − 𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙
= 𝑙𝑙𝑙𝑙(2.64) − (0.25)2 = 0.94
2
2

Tables A.2 and A.3 depict the inputs used for Monte Carlo simulations.
Table A.2 Example of spreadsheet for Monte Carlo.
Simulation
1

X
=norminv
(rand(),0,1)

Y
=norminv
(rand(),0,1)

Log-normal Load

Log-normal Resistance

=𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 +(𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙 *X)

=𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 +(𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙 *Y)

Table A.3 Continuation of Monte Carlo spreadsheet, connecting to Table A.2.
Normal Load (Q)
=EXP(𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 +(𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙 *X))

Normal Resistance (R)
=EXP(𝜇𝜇𝑙𝑙𝑙𝑙𝑙𝑙 +(𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙 *Y))

Failures
=IF(Q>R,1,0)

Table A.4 displays the generation of the failure ratio.

Table A.4 Determining failure ratio in Microsoft Excel.
Total Failures
=sum(failures)

A
=sum(failures)/1000000

1 in
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Failure Ratio
=1/A

failures

APPENDIX B: COPYRIGHT PERMISSIONS

The permission below is for the use of Figure 2.8.
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